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The undersigned, Pablo Umefia, PhD., declares and says as follows: 

1. I am an inventor of the above-captioned application, U.S. Patent 
Application Number 10/633,699, filed August 5, 2003, entitled "Glycosylate 
Engineering of Antibodies for Improving Antibody-Dependent Cellular Cytotoxicity." 

2. lam currently Chief Scientific Officer and Member of the Board at 
GlycArt Biotechnology AG in Zurich, Switzerland. I am an expert in tbe fields of 
molecular biology and immunology, with particular expertise in the area of antibody 
engineering. My qualifications as an expert are established by the attached curriculum 
vitae and the publications listed therein. (Exhibit A) 

3. I have read and understood the subject matter of U.S. Pat. Appl. No. 
10/633,699. 

4. Glycoengineered antibodies produced according to die techniques we 
described in the above-captioned patent application are characterized by a substantial 
increase in the proportion of nonfiicosylated oligosaccharides in their Fc region and 
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exhibit significantly increased binding to Fc receptors and antibody-dependent cellular 
cytotoxicity. Our studies confirming this are set forth in the attached Exhibits B-D. 

5. The present application teaches that glycoengineered antibodies with 
increased Fc receptor binding can be obtained, according to one method, by engineering 
a host cell to coexpress an antibody and a glycoprotein-modifyirtg glycosyltransferase. 
The application specifically identifies GnT HI and ManH as useful glycoprotein 
modifying glycosyltransferases for this purpose. La addition, the application teaches that 
glycoengineered antibodies can be obtained by cocxpressing the antibody with multiple 
glycoprotein-modifying glycosyltransferases, such as GnTEQ + ManH. (See page 13, 
lines 18-30; page 21, lines 15-25.) 

6. Exhibit B is U.S. Pat. Appl Pub. No. U.S. 2004/0241817, which 
published December 2, 2004, and is entitled "Fusion Constructs and Use of Same to 
Produce Antibodies with Increased Fc Receptor Binding Affinity and Effector Function." 
I am a named inventor on that application. Example 6 of the application describes 
experiments that I and my colleagues conducted to study the effect of co expression in a 
host cell of the human a-Mannosidase IT ("hManll") gene or, alternatively, a 
polynucleotide encoding the Golgi localization domain of hManll fused to the catalytic 
domain of human galacto syltransfer ase, and an expression vector encoding the 
recombinant anti-CD20 antibody C2B8. 

7. Specifically, to study the effect of hManll coexpression, we transfected 
HEK 293-EBNA cells with expression vectors coding for each the light and heavy chain 
of the anti-CD20 monoclonal antibody and the hManll gene. At day 5 post-transfection, 
supernatant was harvested and the monoclonal antibody was then purified from the 
supernatant by sequential chromatography. (Paragraph Nos. 0434 - 0436.) 
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8. We analyzed the oUgosaccharide structures of die purified antibody by 
enzymatically cleaving the oligosaccharides from the antibodies by PNGaseF digestion 
and, optionally, EndoH glycosidase digestion, The enzymatic digests containing the 
released oligosaccharides were subsequently analyzed by MALDI/TOF-MS. (Paragraph 
Nos. 0437-0446.) 

9. The oligosaccharide profile of the anti-CD20 antibody cocxpreesed with 
bManll and the relative percentages of the structures found associated to the Fc portion 
of the antibody are shown in FIG. 34. As noted in the application, the oligosaccharides 
found associated to the Fc portion of the antibody are complex structures, 48% of which 
lack core fucosc. The a-Manno$idase II competes with the cote-fucosyltrarwferase 9 
generating 48% non-fucosylated oligosaccharide structures. In the absence of a- 
Maimosidase It the oligosaccharides of the Fc portion of the antibody are composed of 
only fucosylated structures (wild-type antibody). (See Paragraph No. 0448). 

10. The oligosaccharide profile of the anti-CD20 antibody coexpressed with 
the hMann-GalT fUsion protein is shown in FIG. 3SA-B. Antibody produced in the 
presence of hManll-GaJT shows almost 100% non-fucosylated structures, (Paragraph 
No, 0449.) 

1 1 . We also assayed antibodies produced in the presence of hManTI or 
hMann-GalT fusion protein for binding to Fc receptors and ADCC activity. The binding 
assay experiment utilized the cell line CHOI 708-37, which expresses on its surface the 
FcyRHIA receptor (CD16) and the y chain of the FcyRI receptor. The expression of the 
FcyRHIA receptor was assessed by FACS analysis using the 3G8-FITC monoclonal 
antibody. As shown in FIG. 36, die anti-CD20 antibody produced in the presence of a- 
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Maxinosidase II binds to the FcyFJUA receptor with higher affinity than the wild-type 
antibody that was not produced in the presence of MaoII. (Paragraph No. 0457.) 

12. Exhibit C is a manuscript that I and my colleagues have submitted to the 
journal Biotechnology & Bioengineerine for publication. It is currently being reviewed. 
The title of the manuscript is "Modulation of Therapeutic Antibody Effector Functions 
by Glycosylation Engineering." In general, it describes the generation of anti-CD20 
antibody glycovariants by coexpression in a host cell of GnT-IH or chimeric GnTIII 
proteins i 

13. La these studies, we analyzed two anti-CD20 antibodies produced either 
by 1) coexpression with a fusion protein comprising the catalytic domain of human 
GnTIII fused to the Golgi localization domain of human Marmosidase II (termed 
"Glyco-1 antibodies") or by 2) coexpression with the GnT-ttl/Manll fusion construct and 
a gene encoding Manll ("Glyco-2") for their affinity for FcyRJUa compared to either the 
unmodified (i.e., not glycoengineered) antibody, or to an antibody glycovariant produced 
under the same conditions by co-expression of GnT-III ("Glyco-0"). (Page 5, rigjit hand 
column.) 

14 ^ e evaluated the binding of the glycoengineered antibodies to FcyRIIIA 
on peripheral human natural killer (NK) cells, which are known to be important 
mediators of ADCC, and to constitutively express FcyRIIIA, Both Glyco-1 and Glyco-2 
were found to bind with a considerably higher affinity to NK cells than unmodified 
antibody. {See FIG. 5A). The Glyco-0 antibody produced by wild-type GnT-III 
coexpression was found to have intermediate FcyRIIIA binding affinity between that of 
the unmodified antibody and Glyco-l/Glyco-2. (Page 5, right band column.) 



-5- XJMA&AetaL 

AppLNo. 10/633,699 

15. Exhibit D shows the results of a study we conducted to determine the 
effect of constitutive coexpression of recombinant, wild-type pl ? 4-N> 
acetylglucosaminyltransfcrase HI (GnT-IH) and Golgi a-mannosidase II (ManH) in 
stable, industrial grade CHO cells on a recombinant anti-CD20 antibody produced by 
those cells. 

1 6. FIG, 1 of Exhibit D shows the glycosylation profile (as determined by 
MALDI/TOP-MS) for the Fc-region oligosaccharides of a nonglycoengineered 
recombinant antibody produced in CHO cells. The level of nonfiicosylated 
oligosaccharides is below 10%, which is typical for a nonglycoengineered antibody 
produced by CHO cells. 

17. FIG 2 of Exhibit D shows the glycosylation profile for the Fc-region 
oUgosaccharides of a glycoengineered anti-CD20 antibody produced in CHO cells. The 
glycoengineered antibodies had significantly increased levels of nonfiicosylated 
oligosaccharides relative to the nonglycoengineered antibodies. In particular, peaks at 
m/z 1339, 1543 and 1705 correspond to nonfiicosylated, complex oligosaccharides, 
which represent over 70% of the total oligosaccharides. 

1 8. FIG. 3 of Exhibit D depicts the binding to FcyRIII receptors achieved by 
the glycoengineered antibodies compared to the nonglycoengineered antibodies. 
Substantially increased binding to FcyRIH receptors was observed for the 
glycoengineered antibody. 

1 9. FIG. 4 of ExhibitD depicts the increased antibody-dependent cellular 
cytotoxicity observed for a glycoengineered antibody with increased levels of 
nonfiicosylated Fc-region oligosaccharides compared to the nonglycoengineered 
antibody. 
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20. Thus, the attached Exhibits show that anti-CD20 antibodies coexpressed 
either with wild-type hManll or wild-type GnT-ffl or wild-type GnTIH and wild-type 
Manll have substantially increased affinity for the FcyRIIIA receptor compared to the 
corresponding nonglycoengineered antibody. This demonstrates that the techniques 
taught in the present application can be used to produce glycoengineered antibodies 
having increased binding affinity for Fc receptors. 

21. The undersigned further declares that all statements made herein of his 
knowledge are true, and that all statements made on infonnation and belief are believed 
to be true, and that these statements were made with the knowledge that willful felse 
statements or the like so made are punishable by fine, imprisonment, or both under § 
1001 of Title 18, United States Code, and that such willful felse statements may 
jeopardize the validity of any patent application or patent issued thereon. 
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Dr. Pablo Umafia 

GlycArt Biotechnology AG 

Einsteinstrasse 
Zurich 8093, Switzerland 
Email: pablo.umana@glycart.com 



PROFILE 

Scientific researcher experienced in molecular biology, biochemistry, immunology, cell 
biology and gene therapy, with an emphasis in the field of antibody glycosylation. 
Obtained PhD from the California Institute of Technology (carrying out a major part of 
the experimental work at the ETH-Zurich). Carried postdoctoral research in gene therapy 
vectors at the University of Manchester, U.K. Co-founder of GlycArt Biotechnology AG, 
Zurich, a company spinning out of research carried out at the ETH-Zurich during doctoral 
studies. Joined GlycArt Biotecnhology AG as a full-time employee in 2001 as Chief 
Scientific Officer. 



EDUCATION 



1993-1998. California Institute of Technology/ ETH-Zurich. PhD from Caltech, 
experimental work carried out at the ETH-Zurich. Thesis: Genetic 
engineering of protein glycosylation in Chinese hamster ovary cells. 

1991-1993. California Institute of Technology. MSc. Thesis: Genetic engineering of 
protein glycosylation in the insect celLfaaculovirus expression system. 

1985-1990. University of Costa Rica. Licenciatura in Chemical Engineering. 
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Top Engineering Student Award. University of Costa Rica, 1988. 
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Umafia, P., Kellis, J.T. and Arnold, F.H. 1993. Recombinant Protein Stabilization 
through Engineered Metal-Chelating Sites. In: Biocatalyst Design for Stability and 
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SUPERVISORY/TEACHING EXPERIENCE 

Chief Scientific Officer (GlycArt Biotechnology AG, 2001-present) 

Supervision of a Diploma project (ETH-Zurich, 1 995-1996). 
Teaching assistant for Enzyme Technology practical course (ETH-Zurich, 1995). 
Teaching assistant for Experimental Physical Chemistry (1989), Thermodynamics (1988- 
1991), and Reaction Kinetics and Reactor Design (1990) at the University of Costa Rica. 
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The effector functions elicited by IgG 
antibodies strongly depend on the 
carbohydrate moiety linked to the Fc region 
of the protein. Therefore several approaches 
have been developed to rationally manipulate 
these glycans and improve the biological 
functions of the antibody. Overexpression of 
recombinant pl,4-N-acetylglucosaminyl- 
transferase III (GnT-III) in production cell 
lines leads to antibodies enriched in bisected 
oligosaccharides. Moreover, GnT-III over- 
expression leads to increases in non- 
fucosylated and hybrid oligosaccharides. Such 
antibody glycovariants have increased 
antibody-dependent cellular cytotoxicity 
(ADCC). To explore a further variable 
besides overexpression of GnT-III, we 
exchanged the localization domain of GnT-III 
with that of other Golgi-resident enzymes. 
Our results indicate that chimeric GnT-III 
can compete even more efficiently against the 
endogenous core al,6-fucosy!transferase 
(al,6-FucT) and Golgi a-mannosidase II 
(Manll) leading to higher proportions of 
bisected non-fucosylated hybrid glycans 
("Glyco-1" antibody). The co-expression of 
GnT-III and Manll led to a similar degree of 
non-fucosylation as that obtained for Glyco-1, 
but the majority of the oligosaccharides 
linked to this antibody ("GIyco-2") are of the 
complex type. These glycovariants feature 
strongly increased ADCC activity compared 



to the unmodified antibody, while Glyco-1 
(hybrid-rich) features reduced CDC 
compared to Glyco-2 or unmodified antibody. 
We show that apart from GnT-III 
overexpression, engineering of GnT-III 
localization is a versatile tool to modulate the 
biological activities of antibodies relevant for 
their therapeutic application. 

Antibodies of the IgG class have proven to 
be useful anticancer therapeutics (1). Their high 
specificity for an antigen, for targeting a 
cancerous cell, and the simultaneous recruitment 
of immune effector cells, by binding to Fey 
receptors (FcyRs) via their Fc region, make them 
a powerful tool for immunotherapies. This linker 
function of the antibodies results in the 
elimination of the cancerous cell by cell- 
mediated effector functions, such as antibody- 
dependent cellular cytotoxicity (ADCC). 

Many therapeutic antibodies depend on 
Fc-mediated effector functions and it was 
concluded that they require a higher in vivo 
efficacy to increase their potential as therapeutic 
drugs. The recruitment of FcyR-expressing cells 
relies on an efficient binding to the Fc region of 
IgG (2). The affinity of this interaction can be 
improved by amino acid mutations of the 
polypeptide (3), which bear the risk of 
immunogenicity. On the other hand the presence 
of specific oligosaccharide structures linked to 
the Cy2 domain of the Fc fragment was reported 
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to affect the biological activity of the antibody 
(4, 5, 6) by influencing the interaction with Fey 
receptors (7). In this context, modification of the 
carbohydrate moiety associated to the Fc region 
of IgG has proven to be a successful approach to 
enhance ADCC (8, 9, 10). 

Recombinant DNA-based glyco- 
engineering for increased antibody effector 
function was first achieved by overexpression of 
heterologous p 1 ,4-N-acety Iglucosaminyl- 

transferase III (GnT-III), in antibody-producing 
cells (8). GnT-III catalyzes the addition of a 
bisecting N-acetylglucosamine (GlcNAc) to N- 
linked oligosaccharides, as long as they have 
been modified by N- 

acetylglucosaminyltransferase I (GnT-I) and 
have not been modified by pl,4 
galactosyltransferase (GalT, FIG. 1). Once a 
glycan is bisected, other central reactions of the 
biosynthetic pathway such as core-fucosylation 
and conversion of hybrid to complex glycans are 
blocked (11, FIG. 1). This gives GnT-III a high 
degree of control over the JS^f glycosylation 
process in the Golgi apparatus. Overexpression 
of GnTIII in antibody-producing cells results in 
the formation of bisected, non-fucosylated 
oligosaccharides linked to the antibodies that 
mediate increased ADCC (8, 9, 10). 

Previously, we have shown that the GnT- 
III expression level has a large impact on the 
relative levels of complex and hybrid, 
fucosylated or non-fucosylated oligosaccharides 
(8). Besides the expression level, the Golgi 
localization domain of GnT-III, which controls 
its spatial distribution relative to other enzymes, 
is another variable influencing the impact of 
GnT-III on the glycosylation pathway (12). Here 
we explore the localization variable by fusing the 
catalytic domain of GnT-III to the localization 
domain (cytoplasmic, transmembrane and stem 
region) of other Golgi-resident enzymes of the 
N-glycosylation pathway. The resulting chimeric 1 
proteins were expressed in antibody-producing 
cells to engineer the antibody glycosylation 
pattern and the associated antibody effector 
functions. 

EXPERIMENTAL PROCEDURES 

Construction of expression vectors - The DNA 
for the variable heavy (VH) and variable light 
(VL) chain of the anti-CD20 antibody was 
assembled by polymerase chain reaction (PCR) 
on the basis of the published sequence of the 
murine C2B8 antibody (13, 14). The IgGl 
constant regions were amplified from a human 



leukocyte cDNA library (BD Biosciences, 
Allschwil/Switzerland). The rat GnT-III gene was 
amplified using specific primers from a rat 
kidney cDNA library (BD Biosciences, 
Allschwil/Switzerland) and a sequence coding for 
a C-terminal c-myc-epitope tag was added. The 
construction of the GnT-III-chimeric genes was 
performed by subsequent overlapping PCR 
reactions. The DNA fragments coding for the 
localization domains (cytoplasmic, 

transmembrane and stem regions) of human GnT- 
I (102 amino acids), Manll (100 amino acids), 
GnT-II (103 amino acids) and al,6-FucT (101 
amino acids) were amplified from different 
material of human origin using the specific 
primers. The gene coding for Golgi a- 
mannosidase II was amplified by PCR from 
human DNA using specific primers. The gene 
coding for the human N- 
acetylglucosaminyltransferase II (GnT-II) was 
amplified from pGnTII (RG002551, Invitrogen 
AG, Basel/Switzerland) by polymerase chain 
reaction (PCR) using specific primers. The 
construction of the catalytically inactive GnT- 
jjjManii (iGnx.nrManii) was performed ^ described 

(15). The construction of two mutant GnT- 
IIjmutManii was accomplished by site-directed PCR 
mutagenesis, where the mutations R60Q, R73N, 
L79S and E81S (GnT-IH mutManI1(4aa) ) or R73N, 
L79S and E81S (GnT-III mutManI,(3aa) ) were 
introduced into Manll (12). All expression 
vectors were combined with an origin of 
replication from the Epstein Barr virus (oriP) for 
episomal vector replication and maintenance in 
cells producing the Epstein Barr virus nuclear 
antigen (EBNA). Expression of the protein was 
confirmed by western blot detection of GnT-III 
C-terminal c-myc tag. 

For the generation of the FcyRIIIa-expressing 
CHO cell line, an expression vector for 
FcyRIIIa-Vall58 cc-chain, y-chain and the gene 
conferring puromycin resistance was 
constructed. The cDNAs coding for the 
FcyRIIIA and the y-chain were amplified from a 
healthy donor using specific primers. 
Genotyping for the FcyRIIIA-Val/Phel58 and 
FcyRIIC polymorphisms were performed as 
described (16, 17). 

Production and purification of glyco-engineered 
anti-CD20 antibodies in HEK293-EBNA cells - 
HEK293-EBNA cells, a kind gift from Rene 
Fischer (Laboratory of Organic Chemistry, ETH 
Zurich, Switzerland), were grown as adherent 
monolayer cultures using DMEM culture medium 
supplemented with 10% FCS (Invitrogen AG, 
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Basel/Switzerland) and were transfected 
essentially as described (18). Glyco-engineered 
antibodies were produced by co-transfection of 
the cells with two plasmids coding for antibody 
and chimeric GnT-III, at a ratio of 4:1 
respectively, while for unmodified antibody the 
plasmids coding for the carbohydrate-modifying 
enzymes were omitted. For the combination of 
the chimeric GnT-III ManI1 and Manll (or GnT-II), 
ceils were co-transfected with three expression 
vectors coding for antibody, GnT-III K^anI, and 
Manll (or GnT-II) at a ratio of 3:1:1. At day 5 
post-transfection, supernatant was harvested and 
monoclonal antibody purified using two 
sequential chromatographic steps as described 
(8), followed by size exclusion chromatography 
(HiLoad™ 16/60 Superdex™ 200 column, 
Amersham Biosciences, Otelfingen/Switzerland). 

Oligosaccharide analysis - Oligosaccharides 
were enzymatically released from the antibodies 
by N-Glycosidase digestion (PNGaseF, EC 
3.5.1.52, QA-Bio, San Mateo,CA/USA) at 0.05 
mU/ug protein in 2 mM Tris, pH7 for 3 hours at 
37°C. A fraction of the PNGaseF-treated sample 
was subsequently digested with Endoglycosidase 
H (EndoH, EC 3.2.1.96, Roche, 
Basel/Switzerland) at 0.8 mU/ng protein and 
incubated for 3 hours at 37°C. The released 
oligosaccharides were incubated in mild acid 
(150 mM acetic acid) prior to purification 
through a cation exchange resin (AG50W-X8 
resin, hydrogen form, 100-200 mesh, BioRad, 
Reinach/Switzerland) packed into a micro-bio- 
spin chromatography column (BioRad, 
Reinach/Switzerland) as described (19). The 
oligosaccharide samples were then analyzed with 
sDHB as matrix (19) using an Auto flex 
MALDI/TOF (Bruker Daltonics, 

Faellanden/Switzerland) in positive ion mode. 
For the assignment of an oligosaccharide 
structure to each peak, Endoglycosidase H was 
used due to its specificity. It digests most hybrid 
and high mannose, but not complex 
oligosaccharides. Upon EndoH digestion, the 
peaks at m/z 1664 and 1810 shift to 1460, and 
those at 1826 and 1972 to 1622, confirming the 
increase in bisected, non-fucosylated hybrid (m/z 
1664 and 1826) and their fucosylated versions 
(m/z 1810 and 1972) upon recombinant 
expression of GnT-III or chimeric GnT-III 
proteins (FIG. 3). A refined oligosaccharide 
analysis was necessary to distinguish between 
bisected hybrid and complex (m/z 1339 and 
1502) and their fucosylated versions (m/z 1648 
and 1810), as both structures are not digested by 



EndoH. For this purpose, EndoH analysis was 
combined with in vitro galactosylation of the 
whole antibody performed as described (20). The 
aim was to distinguish between hybrid or 
complex oligosaccharides by making use of the 
fact that hybrid oligosaccharides can be 
galactosylated only at one terminal GlcNAc 
residue. Although the in vitro galactosylation 
was not complete the majority of peaks of m/z 
1339 and 1502 could be assigned to non- 
fucosylated, complex glycan structures, with 
only minor contribution of bisected, non- 
fucosylated hybrid structures (FIG. 3, Table I). 
Binding of monomeric IgGl glycovarianis to NK 
cells and FcyRIIIa-expressing CHO cell line - 
Human NK cells were isolated from freshly 
isolated peripheral blood mononuclear cells 
(PBMC) applying a negative selection enriching 
for CD 16- and CD56-positive cells (MACS 
system, Miltenyi Biotec GmbH, Bergisch 
Gladbach/Germany). The purity determined by 
CD56 expression was between 88-95 %. Freshly 
isolated NK cells were incubated in PBS without 
calcium and magnesium ions (3 x 10 s cells/ml) 
for 20 minutes at 37°C to remove NK cell- 
associated IgG. Cells were incubated at 10 6 
cells/ml at different concentrations of anti-CD20 
antibody (0, 0.1, 0.3, 1, 3, 10 ug/ml) in PBS, 
0.1% BSA. After two washes with PBS, 0.1% 
BSA antibody, binding was detected by 
incubating with 1:200 FITC-conjugated F(ab')2 
goat anti-human, F(ab')2 specific IgG (Jackson 
ImmunoReasearch, West Grove, PA/USA) and 
anti-human CD56-PE (BD Biosciences, 
Allschwil/Switzerland, 9). The anti-FcyRIIIa 
3G8 F(ab')2 fragments (Ancell, Bayport, 
MN/USA) were added at a concentration of 10 
ug/ml to compete binding of antibody 
glycovariants (3 ug/ml). Fluorescence intensity 
was determined for CD56-positive cells on a 
FACSCalibur (BD Biosciences, Allschwil 
/Switzerland) and refers to the geometric mean 
measured for different antibody concentrations, 
from which the geometric mean of cells 
incubated without primary antibody was 
subtracted. 

CHO cells were transfected by 
electroporation (280 V, 950 uF, 0.4 cm) with an 
expression vector coding for the FcyRIIIa- 
Vall58 a-chain and the y-chain. Transfectants 
were selected by addition of 6 |xg/ml puromycin 
and stable clones were analyzed by FACS using 
10 ul FITC-conjugated anti-FcyRIII 3G8 
monoclonal antibody (BD Biosciences, 
Allschwil/Switzerland) for 10 6 cells. Binding of 
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IgGl to FcYRIIIa-Vall58-expressing CHO cells 
was performed analogously to the NK cell 
binding described above by omitting CD56- 
staining. 

Biological activities of anti-CD20 monoclonal 
antibodies glycovariants - Antibody-dependent 
cellular cytotoxicity (ADCC) assay: CD20- 
positive Raji cells (DMEM, 10% FCS, 1% 
Glutamax, Invitrogen AG, Basel/Switzerland) 
were labeled with the fluorescent dye Calcein 
AM for 20 min, according to the manufacturer's 
instruction (Molecular Probes, Leiden/The 
Netherlands). Antibodies were serially diluted in 
AIM-V (Invitrogen AG, Basel/Switzerland) and 
incubated with the target cells for 10 min at 
room temperature prior to the addition of 
effector cells. Peripheral blood mononuclear 
cells (PBMC) were prepared from a donor 
heterozygous for FcyRIIIa-Val/Phel58 and 
lacking FcyRIIc expression using Histopaque- 
1 077 (Sigma- Aldrich, Buchs/Switzerland) 
following the manufacturer's instructions. These 
were added to the wells at an effector to target 
ratio of 25:1. After four hours incubation at 
37°C, the cells were spun down, washed twice 
with PBS without calcium and magnesium ions 
and lysed by addition of 50 mM borate, 0.1% 
Triton X-100 solution. The content of the wells 
was subsequently transferred to a 96-weIl black 
flat-bottomed plate. Retention of the fluorescent 
dye by intact target cells was measured with a 
fluorometer (485 nm excitation, 520 nm 
emission, FLUOstar Optima, BMG 
Labtechnologies Inc., Durham/USA). Specific 
lysis was calculated relative to the total lysis 
control, resulting from incubating the target cells 
with 1% Triton X-100. Percentage of specific 
antibody-mediated cytotoxicity was calculated as 
follows: ((fluorescence at concentration x - 
fluorescence of Spontaneous 

Release)/(fluorescence Maximal Release - 
fluorescence Spontaneous Release)* 100. Each 
antibody dilution was analyzed in quadruplicate. 
Complement-dependent cytotoxicity fCDC) 
assay: CD20 positive human B lymphoblastoid 
SKW 6.4 cells (DMEM, 10% FCS, 1% 
Glutamax, Invitrogen AG, Basel/Switzerland) 
were incubated with increasing concentrations of 
antibody for 10 minutes at room temperature 
prior to the addition of normal human serum 
(NHS, FcyRIIIA-Vall58 and FcyRIIC 
homozygous donor), prepared from the blood of 
healthy volunteers, as source of complement. 
The blood was allowed to coagulate for one hour 
at room temperature and then centrifuged at 



1200xg for 20 min. The serum was diluted 3-fold 
with AIM-V and added to the wells to obtain a 
final concentration of 20% NHS. The assay 
plates were incubated for two hours at 37°C. 
Maximal release was determined by incubating 
the cells in the presence of 1% Triton X-100, 
Relative cytotoxicity was determined using the 
alamarBlue™ Assay (Serotec Inc, 
Dusseldorf7Germany). Fluorescence was 
monitored on a fluorometer (540 nm excitation, 
590 nm emission, FLUOstar Optima, BMG 
Labtechnologies Inc., Durham/USA). Each 
antibody concentration was measured in 
quadruplicate. 

Whole blood B cell depletion assay: 490 uJ 
heparinized blood from a healthy FcyRIIIA- 
Val/Phel58 and FcyRIIC negative donor, was 
incubated at 37°C with 10 ^1 PBS or 50-fold 
concentrated antibody glycovariants (final 
concentrations of 0.1, 1, 10, 100, 1000 ng/ml). 
After 24 hours 50 jil blood were stained with a 
mixture of anti-CD 19-PE, anti-CD3-FITC and 
anti-CD45-CyChrome (BD Biosciences, 
Allschwil/Switzerland) for 15 min at room 
temperature. Before analysis, 500 \i\ PBS 
containing 2% FCS and 5mM EDTA were added 
to the tubes. The CD3-FITC and CD 19-PE 
fluorescence of the blood samples were 
flowcytometrically analyzed by gating on all 
CD45-positive cells. B cell-depletion was 
determined by plotting the ratio of CD 19- 
positive B cells to CD3-positive T cells. Each 
antibody concentration was analyzed in 
triplicate. 

RESULTS 

Generation of anti-CD20 antibody glycovariants 
achieved by co-expression of GnT-III or 
chimeric GnT-III proteins 

Modulation of antibody glycosylation was 
achieved by co-expression of the genes coding 
for antibody and chimeric GnT-III proteins in 
HEK293-EBNA cells. In the chimeric proteins, 
the localization domain of GnT-III was replaced 
with those of various other Golgi-resident 
enzymes of the N-linked glycosylation pathway 
(FIG. 2). The oligosaccharide profiles obtained 
for the expressed antibodies indicate a significant 
impact of the enzyme localization on the 
outcome of the glycosylation process (FIG. 3). 
The use of the localization domain of GnT-I, 
ctl,6-FucT, GnT-II or Manll, instead of that of 
GnT-III results in an increase in the proportion 
of bisected non-fucosylated hybrid 
oligosaccharides linked to the secreted antibody. 
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Among these chimeric proteins, GnT-III fused to 
the localization domain of Manll (GnT-III ManJI ) 
leads to the highest content of these 
carbohydrates (Table I, FIG. 3). 

To assess if the localization domain of 
Manll itself and not the enzymatic activity of the 
catalytic domain of GnT-III accounts for any of 
the oligosaccharide modifications, a catalytically 
inactive V)fGnT-III ManI1 chimeric protein was 
prepared by replacing residues Asp321 and 
Asp323 of GnT-III by alanine residues (15) 
(FIG. 2). This inactive chimeric protein did not 
influence the carbohydrate pattern, which was 
that of an unmodified antibody (FIG. 3). To 
ascertain if a different expression level of the 
enzymes may account for the differences in the 
oligosaccharide patterns, the expression of GnT- 
III was quantified by western blot analysis via a 
C-terminal c-myc tag (FIG. 4). Both GnT-III ManI1 
and GnT-III showed a slightly reduced 
expression compared to those of the other GnT- 
III chimeric proteins. 

We also evaluated the hypothesis that the 
existence of relatively well organized functional 
glycosylation reaction subcompartments within 
the medial and trans Golgi cisternae may 
account for the glycosylation profiles derived 
from the chimeric GnT-III proteins. Given that 
pairs of charged amino acid residues in the stem 
regions of GnT-I and Manll have been 
postulated as critical for oligomer formation 
between enzymes (12), it was investigated if 
such a pairing could account for the GnT-III ManI1 - 
derived antibody glycosylation profile. Therefore 
the amino acid mutations R73N, L79S and E81S 
(GnT-III mutManII(3aa) ) or R60Q, R73N, L79S and 
E81S (GnT-Iir utManII(4aa) ) were introduced into 
the stem region of Manll (FIG. 2, 12). Both 
mutants were expressed in similar amounts (FIG. 
4) and yielded antibody glycovariants featuring 
substantially reduced proportions of bisected 
non-fucosylated oligosaccharides compared to 
the non-mutated GnT-III Man " (FIG. 3, Table I). 

The co-expression of GnT-III ManI1 and 
Manll or GnT-III and Manll (FIG. 3) was also 
explored with the intention to shift the 
biosynthetic pathway from hybrid to complex 
bisected oligosaccharides (FIG. 1). The 
expression of both enzyme combinations lead to 
the generation of antibodies characterized by 
high proportions of complex type glycans 
lacking core-fucosylation, with the majority 
being bisected (FIG. 3, Table I). GnT-III Manlfl was 
also co-expressed with GnT-II, an enzyme that 
similarly to Manll directs the glycosylation 
pathway toward the formation of complex type 



glycans. This led to the accumulation of high 
mannose structures and a low proportion of 
bisected non-fucosylated oligosaccharides (data 
not shown) and this enzyme combination was 
not investigated further. 

Two glyco-engineered antibodies, namely 
those produced either by transient co-expression 
with GnT-III Man " (termed "Glyco-1", bearing 
mainly hybrid non-fucosylated bisected glycans) 
or with GnT-III Man " and Manll ("GIyco-2", 
bearing mainly complex non-fucosylated 
bisected glycans), were examined for their 
affinity for FcyRIIIa and compared either to the 
unmodified antibody or to an antibody 
glycovariant produced under the same conditions 
by transient co-expression of GnT-III ("Glyco- 
0"). 

FcyRIIIa binding of Glyco-0, Glyco-1 and 
Glyco-2 anti-CD20 monoclonal antibodies 

Binding of glyco-engineered antibodies to 
FcyRIIIa was evaluated on peripheral human 
natural killer (NK) cells, which are known to be 
important mediators of ADCC, and to 
constitutively express FcyRIIIa. Binding to NK 
cells was performed by incubating the antibody 
glycovariants with freshly isolated NK cells from 
a donor who was genotyped as heterozygous for 
FcyRIIIA-Val/Phel58 (16). Both Glyco-1 and 
Glyco-2 bind with a considerably higher affinity 
to NK cells than unmodified antibody (FIG. 5 A). 
Under the transient gene expression levels of this 
study, GnT-III co-expression leads to an 
antibody (Glyco-0) with a lower level of bisected 
non-fucosylated oligosaccharides with 
intermediate FcyRIIIa binding affinity. Antibody 
binding to NK cells occurred exclusively via 
FcyRIIIa as it could be outcompeted by the 
addition of blocking anti-FcyRIIIa F(ab') 2 
fragments (FIG. 5B). Similar results were 
obtained using a recombinant CHO cell line 
stably expressing the FcyRIIIa-Vall58 a-chain 
receptor (FIG. 5C). 

Biological activities of Glyco-1 and Glyco-2 
anti-CD20 monoclonal antibodies 

In a next step we investigated whether 
increased FcyRIIIa binding correlates with an 
improvement in the biological activities of the 
glyco-engineered antibodies, which are 
characterized by bisected non-fucosylated 
oligosaccharides. Both glycovariants mediate an 
enhanced antibody-dependent cellular 
cytotoxicity (ADCC) against CD20-positive Raji 



cells, independently of the Fc-linked glycans 
being of complex or hybrid type (FIG. 6A). 

Glyco-1 and GIyco-2 were also evaluated 
for complement-dependent cytotoxicity (CDC) 
against CD20-positive tumor cells SKW6.4 in 
the presence of human serum (FIG. 6B). Glyco- 
2, bearing complex oligosaccharides, performs 
similarly to the unmodified antibody in CDC. 
For Glyco-1 , on the contrary, a reduction in CDC 
is observed, correlating with high proportion of 
hybrid oligosaccharides that are characteristic for 
this glyco variant. 

To asses whether both ADCC and CDC 
can contribute to the elimination of target cells, 
we evaluated these glyco-engineered antibodies 
for B cell depletion in a whole blood assay (FIG. 
6C). Glyco-1 and Glyco-2 anti-CD20 variants 
were over 100-fold more potent than unmodified 
anti-CD20 in depleting B cells, while no 
significant difference could be observed between 
the two glycovariants, indicating a minor 
contribution of CDC. 

DISCUSSION 

Chimeric GnT-III proteins 

GnT-III is an ideal enzyme to manipulate 
the N-glycosylation of expressed proteins 
(glyco-engineering), as it exerts a large degree of 
control over the glycosylation process by 
blocking the action of ccl,6-FucT, Manll and 
GnT-II (8, 11). In the present study the impact of 
the localization domain of GnT-III on the 
antibody glycosylation profile was evaluated. 
We obtained antibodies with engineered 
carbohydrate moieties by co-expression of 
chimeric GnT-III proteins, composed of the 
catalytic domain of GnT-III fused to the 
localization domain of GnT-I, al,6-FucT, GnT- 
II, or Manll (FIG. 2). The resulting glycovariants 
feature a bisecting N-acetylglucosamine 
(GIcNAc) residue on almost all oligosaccharide 
structures, indicating that all chimeric GnT-III 
proteins were active (Table I, FIG. 3). These 
glycovariants are also characterized by a high 
proportion of non-fucosylated oligosaccharides, 
indicating a more efficient competition against 
ctl,6-FucT for GnT-I-processed glycans, and of 
hybrid glycans, which are by-products of GnT- 
III expression resulting from its competition 
against Manll (FIG. 1). 

Among the chimeric GnT-III proteins, 
GnT-III Man " is the most efficient in the 
competition against the above mentioned 
enzymes, leading to the antibody glycovariant 
with the highest proportion of bisected non- 



fucosylated hybrid oligosaccharides. The 
oligosaccharide modifications derived from 
GnT-III ManI1 were solely dependent on the 
enzymatic activity of GnT-III, as shown by co- 
expression of a catalytically inactive iGnT- 
III ManI1 . Since the expression level of GnT-III ManI1 
was not higher than for the other chimeric 
proteins or GnT-III, we propose that the higher 
efficiency of GnT-III Manfl results either from a 
different distribution in Golgi compartments or 
from a different functional organization of 
enzymes within a compartment. This allows 
GnT-III to act immediately after GnT-I, leading 
to higher levels of bisected, non-fucosylated 
hybrid oligosaccharides (FIG. 1) relative to the 
other chimeric GnT-III proteins. 

Influence of the Manll stem region residues on 
the glycosylation pattern 

The higher efficiency of the chimeric 
protein GnT«-III GllT " 1 , compared to the unmodified 
GnT-III, for the synthesis of bisected hybrid and 
bisected non-fucosylated oligosaccharides can be 
explained by an earlier Golgi distribution, in the 
cis-to-trans direction of glycoprotein substrate 
transport, of GnT-I relative to GnT-III. The fine 
Golgi distributions of GnT-I and Manll have 
been determined previously by quantitative 
immunoelectron microscopy (21). Both enzymes 
co-distribute along the Golgi, being localized 
mainly in the medial and trans cisternae (21, 22, 
23). The fine quantitative spatial distributions of 
al,6-FucT and GnT-II have not yet been 
determined, but rat GnT-III has been found 
predominantly in the trans Golgi cisternae (24). 
This, however, does not explain why the 
chimeric GnT-III ManI1 is significantly more 
efficient than GnT-III GnT " 1 at synthesizing 
bisected, hybrid and bisected, non-fucosylated 
oligosaccharides, since both GnT-I and Manll 
have identical spatial distributions along the 
Golgi subcompartments. Additionally, the 
slightly lower expression level of GnT-III Man " 
compared to those of the other chimeric GnT-III 
proteins, indicates that the antibody glycoprofile 
is not a result of an increased enzyme expression 
level (FIG. 4) but a consequence of a more 
efficient processing of GnT-I-modified 
oligosaccharides, denoted here as "functional 
pairing" of GnT-III ManU with GnT-I. 

To assess if this functional pairing relies 
on a physical interaction between the two 
enzymes, we evaluated GnT-III Man11 mutants with 
amino acid substitutions in the localization 
domain of Manll which were reported to be 
critical determinants for the formation of hetero- 
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oligomers of GnT-I and Manll (12). Although it 
has been suggested that these residues are not 
essential for incorporation into high molecular 
weight complexes of Golgi enzymes or even for 
Golgi localization (25), it is possible that they 
are involved in a finer pairing of the catalytic 
domains during oligosaccharide biosynthesis. 
We observed a significant reduction in bisected 
non-fucosylated hybrid oligosaccharides with 
these mutants (FIG. 3). Both GnT-III mutManI1 
mutants were expressed at comparable levels as 
GnT-III ManI1 , excluding the expression level of 
the latter as being responsible for higher 
proportions of bisected non-fucosylated glycans 
(FIG. 4). However, the exchanged residues do 
not seem to be the sole determinant of the 
resulting oligosaccharide product distribution, 
suggesting either additional contributions of the 
rest of the stem or catalytic regions to functional 
enzyme pairing, or an enrichment of these 
enzymes in subcompartments caused by different 
mechanisms. Altogether these data indicate that 
by virtue of the Manll localization domain, a 
physical and/or a functional pairing seems to 
take place between the catalytic domains of the 
endogenous GnT-I and the recombinant GnT- 
iljMann chimeric protein, 

Co-expression of GnT-I if™" and Manll 

With the described approach, we are able 
to modulate the glycosylation pattern of 
antibodies from fucosylated complex glycans to 
bisected non-fucosylated hybrid oligosaccharides 
by overexpressing GnT-III ManI1 . The co- 
expression of GnT-III ManI1 and Manll or of GnT- 
III and Manll led to the formation of bisected 
non-fucosylated glycans of the complex type. 
Manll overexpression redirects the biosynthetic 
pathway causing the product shift from hybrid to 
complex carbohydrates (FIG.l). Although 
equally high levels of bisected non-fucosylated 
complex oligosaccharides can be synthesized by 
high level expression of GnT-III, the results 
presented here show that GnT-III ManI1 is more 
efficient at adding a bisecting GlcNAc residue to 
the GnT-I-processed oligosaccharides prior to 
the reactions catalyzed by Manll, GnT-II and 
otl,6-FucT. 

Similarly to Manll, GnT-II was co- 
expressed with GnT-III ManI1 with the intent of 
forming complex type glycans linked to the 
antibody. The resulting glycovariant had lower 
proportions of bisected non-fucosylated (37%) 
and complex (22%) glycans compared to the 
GnT-III ManII /ManII-derived antibody (data not 
shown). Moreover, a significant fraction of high 



mannose oligosaccharides characterized this 
glycovariant, suggesting an influence of the 
overexpression of GnT-II on the maturation 
process of high mannose glycans. Under these 
conditions, the enzyme seems to inhibit the GnT- 
I-mediated reaction (FIG.l) by unknown 
mechanisms. A similar phenomenom was 
reported for overexpression of pi,4- 
galactosyltransferase (GalT), which led to an 
enrichment of high mannose oligosaccharides on 
recombinantly co-expressed IFN-y (26). 
Although the cellular localization of GnT-II is 
yet to be discovered, high molecular weight 
complexes between GnT-I and GnT-II have been 
found in Golgi extracts of mammalian cells (25). 
The formation of such complexes might be 
disturbed by GnT-II overexpression. 

We could show that the formation of a 
desired carbohydrate profile can be achieved by 
the combination and overexpression of enzymes, 
although not all the potential enzymes are 
suitable for this purpose, indicating that the 
glycosylation process is governed by a well- 
balanced system of enzymes that needs further 
elucidation. 

Biological activity of glyco-engineered 
antibodies 

A high affinity to FcyRIIIa is important for 
ADCC, which is mediated by unconjugated 
therapeutic antibodies in humans. This was 
deduced from pioneering pharmacogenomic 
studies evaluating the impact of the FcyRIIIA 
polymorphisms on the activity of rituximab in 
lymphoma patients (27). In that study, the 
objective response rates at two/twelve months 
were 100/90% for homozygous FcyRIIIA- 
Vall58 and 67/51% for FcyRIIIA-Phel58 
carriers respectively. The superior response of 
the former seems to be the result of a 
significantly increased binding of the antibody to 
FcyRIIIa-Vall58 compared to FcyRIIIa-Phel58 
(16). 

Glyco-1, featuring mainly bisected non- 
fucosylated hybrid glycans, and Glyco-2, bearing 
mainly bisected non-fucosylated complex 
carbohydrates, were examined for their binding 
to FcyRIIIa and their reactivity in cytotoxicity 
assays. Both Glyco-1 and Glyco-2 have an 
increased affinity for FcyRIIIa, which correlates 
with high proportions of bisected non- 
fucosylated oligosaccharides but seems 
independent of the glycans being of the hybrid or 
complex type. It has been reported that the 
absence of core fucose is responsible for an 
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increased affinity to FcyRIIIa (9). Moreover, the 
absence of core fucose but not the presence of 
galactose or bisecting GlcNAc was reported to 
be responsible for increased ADCC under the 
tested conditions (10). 

Both Glyco-1 and Glyco-2 mediate an 
increased ADCC to a similar extent compared to 
the unmodified antibody, but feature a different 
reactivity in CDC assays. While Glyco-2 acts 
similarly to the unmodified antibody, Glyco-1 
displays a reduced CDC, suggesting a significant 
influence of the glycan type (complex vs. 
hybrid). The main difference between Glyco-1 
and Glyco-2 is the structure of their 
carbohydrate a 1,6-arm. In contrast to Glyco-1, 
carrying hybrid glycans with mannose residues 
cd,3- and al,6-linked to the a-6 arm, Glyco-2 
and unmodified antibodies have mainly pi, 2- 
linked GlcNAc residues at this position (complex 
glycans), which may be followed by galactose. 
This carbohydrate arm is in close contact with 
the IgG-Cy2 domain polypeptide and may 
therefore influence domain conformations 
required for binding to Clq (28, 29, 30). An even 



larger reduction in CDC was reported for 
antibodies featuring only high mannose 
oligosaccharides (31). 

The glyco-engineered antibodies also 
performed better than their unmodified 
counterparts in the depletion of B -cells in a 
whole blood assay, where both ADCC and CDC 
contribute to the elimination of target cells. The 
reduction in CDC activity, observed for Glyco-1, 
does not seem to affect our model of B-cell 
depletion in whole blood, suggesting that ADCC 
is the predominant mechanism in this assay. 
Moreover as first-dose-related side-effects in 
vivo have been recently attributed to complement 
activation (32, 33), Glyco-1 may provide a tool 
to prevent these problems. 

We could therefore demonstrate that apart 
from modulating glycosyltransferase expression 
levels, engineering of Golgi localization domains 
can also be exploited for the production of 
tailored glyco-engineered therapeutic antibodies 
with unique combinations of biological 
activities. 
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FIGURE LEGENDS 

FIG. 1. N-linked oligosaccharide biosynthetic pathway leading to complex or hybrid structures 
bearing a bisecting GIcNAc. The mass to charge (m/z) value of the sodium-associated 
oligosaccharide ion obtained by MALDI/TOF-MS analysis is indicated next to the corresponding 
oligosaccharide structure. The presence of a fucose (+f) ocl,6-Iinked to the N-acetylglucosamine 
residue attached to Asn is indicated by the corresponding m/z value. The shaded monosaccharides 
belong to the core of the oligosaccharide, shared by all naturally occurring N-Iinked glycoforms, the 
presence of the other sugars is variable. A bisecting N-acetylglucosamine (grey) is P 1,4 linked to the 
core mannose by the enzyme GnT-III. Complex and hybrid glycans structures are defined by the 
structure of the al,6-arm. 

FIG. 2. N-acetylglucosaminyltransferase III (GnT-III) chimeric proteins. GnT-III with different 
localization domains were constructed by fusing the catalytic domain of GnT-III (grey) to the 
localization domain CTS (white), consisting of cytoplasmic tail, transmembrane domain and stem 
region, of other Golgi-resident enzymes. The length of the respective regions is indicated. In the last 
three constructs single amino acid substitutions are indicated. 

FIG. 3. MALDI-TOF-MS spectra of neutral oligosaccharides from recombinant anti-CD20 IgGl 
glycovariants. The antibodies were produced in HEK293-EBNA cells engineered for expression of 
various forms of GnT-III (see FIG. 2). Furthermore, combinations of GnT-III Man,i with Manll or GnT- 
III with Manll were tested. Endoglycosidase H digestion (+ EndoH) and in vitro galactosylation (ivg) 



9 



were performed to refine the oligosaccharide analysis. The m/z value corresponds to the sodium- 
associated oligosaccharide ion. 



FIG. 4. Western blot detection of GnT-III. 15 U£ of cell lysates were separated on a 4-12% NU- 
PAGE gel (Invitrogen AG, Basel/Switzerland) and electroblotted to nitrocellulose membrane. 
Detection of GnT-III was performed via its C-terminal c-myc tag, while beta-actin detection served as 
an internal control for the amount of loaded extracts (Abeam Ltd, Cambridge/UK). 

FIG. 5. FcyRIIIa binding of monomelic anti-CD20 glycovariant antibodies. Binding to purified 
NK cells from a donor heterozygous for FcyRIIIA-Val/Phel58 and negative for FcyRIIC was 
evaluated. A, Binding of antibodies at concentrations ranging from 0.1 to 10 ng/ml. B, Antibody 
binding (3 ^ig/ml) to FcyRIIIA was competed by addition of blocking anti-FcyRIIIa 3G8 F(ab')2 
fragments (10 ug/ml). C, binding to a CHO cell line stably expressing human FcyRIIIa-Vall58 o> 
chain and y-chain was evaluated to confirm the dependence of antibody binding to FcyRIIIa. All 
assays were performed in quadruplicate, o, unmodified; •, Glyco-0; Glyco-1 and □, Glyco-2 
antibodies. 

FIG. 6. Biological activity assays of anti-CD20 antibody glycovariants. A, ADCC using PBMCs 
(FcyRIIIA-Val/Phel58, FcyRIIC negative donor) as effectors and human lymphoma Raji cells as 
targets. B, CDC against B lymphoblastoid SKW6.4 cells in the presence of human serum as a source 
of complement. C, B-cell depletion in whole blood (FcyRIIIA-Val/Phel58, FcyRIIC negative donor), 
which was calculated from the ratio of CD19-positive B cells to CD3-positive T cells as measured by 
FACS analysis, o, unmodified; A, Glyco-1 and □, Glyco-2 antibodies. 
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Antibody glycoengineering by constitutive co-expression of recombinant, wild-type pi,4- 
N-acetylglucosaminyltransferase III (GnT-III) and Golgi a-mannosidase II (Manll) in 
stable, industrial grade CHO cells producing a recombinant antibody 
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Figure 1 shows the glycosylation profile for the Fc-region oligosaccharides of a non- 
glycoengineered recombinant antibody produced in CHO cells. The three major peaks (m/z 
1486, 1648 and 1810) correspond to fucosylated complex oligosaccharides, and level of non- 
fucosylated oligosaccharides is below 10%, which is typical for non-glycoengineered 
antibodies produced by CHO cells. The oligosaccharide profile was determined by 
MALDI/TOF-MS in positive ion mode for oligosaccharides enzymatically released from the 
antibody by PNGaseF treatment. 




Figure 2 shows the glycosylation profile for the Fc-region oligosaccharides of a 
glycoengineered recombinant antibody produced in CHO cells. Glycoengineering was 
achieved by constitutive co-expression of recombinant, wild-type pl,4-N- 
acetylglucosaminyltransferase III (GnT-III) and Golgi a-mannosidase II (Manll) in stable, 
industrial grade CHO cells producing a recombinant antibody. Industrial grade means that the 
cells grow (with a doubling time lower than 40 hours) in suspension in chemically-defined 
protein-free medium and produce over 0.5 g/1 of antibody under batch process conditions. 
Glycoengineering leads to increased levels of non-fucosylated oligosaccharides relative to 
levels produced in non-glycoengineered CHO cells (peaks at m/z 1339, 1543 and 1705 are 
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non-fucosylated complex oligosaccharides and represent over 70% of the oligosaccharides). 
The oligosaccharide profile was determined by MALDI/TOF-MS in positive ion mode for 
oligosaccharides enzymatically released from the antibody by PNGaseF treatmen t. 

Fi re 3 Fc-FcR binding of antibodies to CHO cells stably 
* expressing recombinant human FcgRIII 
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Figure 3 shows increased binding to FcgRIII for a glycoengineered antibody, having 
increased levels of non-fucosylated Fc-oligosaccharides (glycoengineering as described above 
for Figure 2), relative to a non-glycoengineered antibody with identical Fc polypeptide region. 
Binding assay was performed as described in 



Figure 4 Increased biological activity (antibody dependent killing of B-cells In 
whole blood) by a glycoengineered antibody with increased levels of 
non-fucosylated oligosaccharides 
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Figure 4 shows increased antibody-dependent killing of target cells for a glycoengineered 
antibody with increased levels of non-fucosylated Fc-oligosaccharides (glycoengineered as 



described above for Figure 2) relative to a non-glycoengineered antibody with identical Fc 
polypeptide region. B-cell antibody-dependent-depletion assay performed by incubating 
antibodies with whole blood overnight and measuring the levels of remaining, living B-cells 
by flow cytometry (T-cells are used as an internal standard that is not depleted by the anti- 
CD20 antibodies). Assay details are as described in 
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abstract: A panel of 1 0 hybridomas was assembled to assess the influence of various genetic and biological 
factors upon glycosylation of secreted monoclonal IgG. After exhaustive Pronase digestion of IgG, gly- 
copeptides were characterized cbromatographically by apparent size, charge, and concanavalin A (Con 
A)-Sepharose and Lens cutinaris (LcH)-agarose affinity. Six glycosylation phenotypes were found to be 
common among ail clones studied. Despite this phenotypic heterogeneity in glycosylation of IgG, considerable 
similarity exists between different clones. In particular, virtually all IgG glycopeptides bear a core fucosc 
residue. Second, the majority of the glycosylation repertoire is comprised of two phenotypes, characterized 
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Significant variability between different hybridomas exists in the relative expression of the two major 
peiicfctypes. Other differences between cl^e^^ the Expression ^ 

glycosylated differently. However, there is no apparent correlation of phenotype with either the hybridoma's 
parentage or the serologically defined polypeptide structure of the IgG which it secretes. In addition to 
clonal variability, other sources of variability in phenotypic expression were identified. A generational 
variability is apparent upon continuous culturing of the same hybridoma. Also, differences in culture medium 
pH or proliferative state of the cells may have a modcsl influence upon the glycosylation phenotype. 
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gG is a glycoprotein secreted by immune splenocytes and 
malignant myelomas. Although IgG is otherwise well chap 
acterized, few detailed, comparative studies exist of the 
species-specific differences in IgG carbohydrate or the clonal 
variability in its expression. Simflarly v systematic studies are 
lacking as to whether glycosylation varies with polymorphiijm • 
in IgG polypeptide structure, which can be defined serologi- 
cally as isotype, allotype, and idiotype. Structural elucidation 
of the oligosaccharides expressed has been performed exten- 
sively only with human (Parekh et ah, 1985; TakabasW et al., 
l987;Harada et al, 1987) and rabbit (Taniguchi etal, 1985; 
Radcmacher et al., 1983) IgG, whereas clonal variability in 
I glycosylation has been studied solely with human myeloma 
j IgG (Takahashi ct al., 1987; Mizuochi et al., 1982; Sawidou 
I et al., 1984; Grey et al M 1982; Kornfeld et al., 1971). 
j The carbohydrate structure of human (Kornfeld et al., 
1971), rabbit (Taniguchi et al., 1985), murine (Mizuochi ct 
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al., 1987), bovine (Tai et al., 1975), and porcine (Rao & 
Mendicino, 1978) IgG is an Asn-linkcd oligosaccharide of the 
bian ternary, complex typo. However, instead of a single ol- 
igosaccharide, an array of structurally related yet distinct 
oligosaccharides is expressed, a phenomenon referred to as 
carbohydrate micron eterogeneity. Differences exist in the 
frequency of expression of these various oligosaccharides on 
human (Parekh et aL, 1985; Harada et ah, 1987), rabbit 
(Taniguchi et al., 1985; Radcmacher et al., 1983), and murine 
(Ivfizuochi et aL, 1987) serum IgG, Additionally, clonal 
differences exist in Lhe carbohydrate microheterogeneity of 
human myeloma IgG (Takahashi ct al, 1987; Mizuochi et al., 
1982; Savyidou et al., 1984; Grey et al., 1982; Kornfeld et al ;; : 
1971); • 

The pheribmehon of carbohyd 
characteristic feature of protein ^ycosyladon. UnHkc rxotdns 
and nucleic acids* oligosaccharide synthesis is not guided by 
a template. Rather, it is the structure of the polypeptide 
undergoing glycosylation, as well as the proteins (enzymes and 
transporters) comprising the glycosylation apparatus* which 
is under genetic control (Hubbard & Ivatt, 1981; Kornfeld 
& Kornfeld, 1985; Stanley, 1984; Deutscher & Hirschberg, 
1986). The phenotypic expression of the oligosaccharide, 
however, may be influenced by biological modulation of the 
cell's envi ronment (pi I and substrate ivaik 
state, or substratum (Warren et al., 1983, 1982; Megaw & 
Johnson, 1979). Presumably^ it is the dynamic interplay of 
these various genetic and biological influences which accounts 
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Table I: Panel of Hybridomas 0 



pfffe^tgl cells 



hybridoma 



IgG 



splenooyt© 



myxoma 



34-5-8S 
H36.15.3 
H36A5 
H3tf,2,6 
H36.i5.<5 
S-S.L 
B137.17.1 
: :-L5;l?i:> x : : x 
D4IE4 



BALB/c 

C3H 

BALB/e 

BALB/c 

BALB/C 

BALB/c 

BALB/c 

BALC/c 

BALB/c 

BALC/c 



SP2/0; 

SP2/0 

SP2/0 

SP2/0 
SP2/0 
SP2/0 

■ '#3;. 
653 
.653 



antigeaic specificity 



references 



2b amJ-ifttegrin 

2a ajili-H-2D* 

2a anti-hcmagglutinin 

2a anti»r^ magglutinin 

2 a anti-hernogglutinin 

2a aDti-h^ma|g]utimn 

2a an ti-sliccp red blood cell 

2a> . 

2a L anti-tran^rru^ 
:ant^Pb • • 



Ncff ctal.. \m 
Ozato etal., 1982 
Staudt et al ., 19S3 
Staudt et ul f 1983 
Staudt ct al., 1983 
Staudt et at, 1983 

Pemssia el a]., 1987 
Lebmunctal., 1982 
Miller ctal. v 1984 



'The parentage and serologically defined polypeptide structure of the IgG secreted axe indicated for each member of the panel of hybridon^ 
employed m tJbo clonal analysis* : ' ™% 



: for the host-dependent and tissue-dependent variability in 
glycosylate (Hsieh et al., 1983; Shearcs & Robbins, 1986; 
Parekh et al., 1987). 

In the present study, we describe the clonal repertoire for 
the glycosylate of TgG secreted by a panel of murine hy- 
bridomas, formed by the fusion of immune splenocytes with 
myelomas. The effect upon glycosylate of the hybridoma's 
parentage and the serologically defined polypeptide structure 
of the monoclonal IgG which it secretes are assessed. The 
contribution of generational differences, resuldng f^ 
tinuous cultujing, and diTfcTcnccs in culturing conditions ar^ 
evaluated as further sources of variability in glycosylation. 

Material and Methods 

Materials. r>[U J4 C]Glucosamine hydrochloride (284 
Ci/mol), D-[6(N)- 3 HJg!ucosamine hydrochloride (23.4 Ci/ 
mmol), and En 3 Hancc were purchased from New England 
Nuclear (Boston, MA)- Sephadex G-50 (Superfine), Seph- 
adcxG-10, Con A-Sepharose, 1 DEAE-Sephadex A-25, and 
protein A-Sepharose were obtained -from Pharmacia (Pis- 
cataway, NJ). LcH (E-Y Laboratories, San Mateo, G A) was 
conjugated to Affi-Gel 10 (Bic-Rad, Richmond, CA): (7 
mg/mt; of resin) according to an established procedure 
(BCnudsen et al., 1981). Bio-Gel P-2 (200-400 mesh) was also 
froin Bio-Rad. Pronase (grade B) wa3 purchased from Cal- 
biochem (San Diego, CA). 

Culturing and Metabolic Labeling of Hybridomas. Hy- 
bridoma (Table I) were obtained either from American Type 
Culture Center (Rockville, MD) or from various laboratories 
at the Wistar Institute (Philadelphia, PA). The fusion partners 
were BALB/c-derived, nonsecreting myelomas. For contrast, 
one hybridoma (34-5-8S) was chosen for its allogeneic C3H 
baclcground, and the allotypically different IgG which it se- 
cretes. The H36 clones were a cluster of related hy bridomas 
derived from a single fusion of one myeloma variant with 
immune spienocytes from one animal. All H36 clones secreted 
an IgG2a directed against the same antigen. 

Cells were seeded at 5 X 1 0 5 /mL and cultured in Dulbecco's 
modified Eagle's medium with low glucose (Gibco, Grand 
Island, NY), supplemented with 10% heat-inactivated fetal 
bovine serum, 10 m M s<xJium bicarbonate, and 25 mM Hepes 
(pH 7.2). After a 20-h preincubation, cultures were meta- 
boHoaily labeled with. ['HJglueosarame (2 ^Ci/mL) for an 



1 Abbreviations; Con A, concanavalm A; LcH, Lens culimrls ag- 
glutinin; OFC, gel filtration chromatography; DEAE, dicthylaminoethyJ; 
flfc\b> monwlonal antibody; Hepes, 4-(2-hydroxyelhyl). I .piperazine-. 
etta^ulMic acid; P|^ 

p- fc y d ^ acid; 

- ^'w^ acid; Tris, 2- 

^li^?-(hya^ 1 50 mW r^aGl/ 1 6 mM 

mM CaCl^J mM WgCl 2 /0.02% NoN 3 ( P H 8). 



additional 48 h. Parallel cultures of CSAT hybridomas wep 
labeled alternatively with [ ,4 C]gIucosamine (0.5 /iCi/mL). 

Isolation of IgG and Preparation of Glycopeptides. IgG 
in the spent culture medium was affinity purified chromau> 
graphically on protein A-Sepharose essentially by the pro- 
cedure of Ey et al. (1978). The purified IgG was incubated; 
with prcdigcslcd Pronase for 3 days, according to an estab- 
lished procedure (Blithe ct al., 1980). For »H NMR analysis, 
IgG also was obtained from the ascites fluid of CSAT hy- 
bridomas passaged in pristane-primed BALB/c mice. The TgG 
was affinity purified and digested with Pronase similar to IgG 
• •' obta i ncd from tissue culture.;; . •{ . 

Structural Characterization Studies. To ensure consistency 
of elution profiles, a common 14 C-labeled CSAT IgG Pronase 
digest was added as an internal standard to all 3 H-labeled 
samples. The resulting doubly labeled Pronase digests were 
analyzed chroma tographicaJly by various tccbiques. The ra- 
dioactive distribution in each fraction, determined by liquid 
scintillation counting, was plotted by computer-aided graphics, :' 
which also provided peak area summations. 

{1) Gel Filtration Chromatography. Blue dextran and 
phenol red, added to the sample, served as exclusion and in-:. : 
elusion volume; markers, r^r^tively: Samples were analyzed 
on columns (1 cm X 135 cm) of Sephadex G-5fl developed with .. 
an alkal ine bora to buffer composed of 45 .5 mM boricacid/4.5 
mM sodium tetraboraic/2 mM Na 2 EDTA/0.02% sodium 
aztde (pH 8.2) (Rothman & Warren, 1988). 

For preparative purposes, selected fractions of the ^-labeled 
Pronase digests were pooled. Borate was removed! by evapo- 
ration under a stream of nitrogen after repeated treatment with 
1% acetic acid m The residue in a minimal volume 

of water was desalted further on a Bio-Gel P-2 column (1 cm 
x 15 cm) with a 5-cm overlayer of Sephadex G-10 that was; 
developed with water (Blithe et al., 1980). 

(2) Anion-Exchange Chromatography. The 3 H-labeled IgG 
Pronase digest was fractionated batchwise on a column of 
DEAK-Scphadcx (0.7 cm x 4 cm). After the column was 
washed with 10 mM pyridine/ 17 mM acetic acid (pH 4,5) 
to remove the he 

were eluted with 2 M ammonium aceta te/3.5 M acetic acid 
(pH 4.5). Volatile buffers were removed by lyophilizatioti. 

(3) Lectin Affinity Chromatography. After being boiled 
for 5 min, IgG glycopeptides were analyzed on colucnns of Con 
A-Sepharose or LcH-agarosc (0.7 cm x 4 cm) according to 
the procedure of Cummings and Kornfcld (1982). After the 
glycopeptides lacking lectin affinity were removed by washing 
with TBS buifcry the column wai eluted stepwise 
g^COf^ 

methyl c^glucoside in 1 HS; then/ d>psc with high affinity ^ere 
clirted with i 0d niM methyl afmanncriido tn TBS, preWtfP^ 
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Clonal Analysis of IgG Glycosylation 
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si*e: class 

nqURJE I : Clonal comparison of IgG glycopeptides by alkaline borate 
GFC The 3 H-kbcled IgG Pronasc digest were analyzed by alkaline 
borate GFC The size class distributions are shown for the TgG 
glycopeptides of CSAT (A), 34-5-8S (B), H36.15.3 (C), H36 4.5 (D); 
1136:2.6 (E), H36.15.6 (F), S-S.l (G), B137.17J (H), L5.1 (I), and 
D4IE4 (J). The panel to the left schematically represents bow the 
hybridomas are related to each other by the isotype (1) of IgG secreted, 
as well as by their parentage of myeloma (2) variant and splenocylc 
(3) strain, 

For 1 H NMR analysis, glycopeptides of IgG isolated from 
ascites fluid were resolved as described above on a column (1 
cm X 8 cm) of Con A-Sepharosc, 

(4) 500-MHz y H NMR Spectroscopy. Olycppeptides were 
repeatedly exebanged in wiln intermediate iyophili^tion 
and finally dissolved in 2 Ep which was 99.96 atom % *H 
(Aldrich) . 1 H NMR spectra were recorded on a Brukcr 
WW -500 spectrometer (SON hf facility, Department of 
Biophysical Chemistry, University of Nijmegen, The Neth- 
erlands) operating at 500 MHz and a probe temperature of 
27 °C. Resolution enhancement of the spectra was achieved 
byLOr^iri^ transforation. Chemical shifts 

arc given relative; to sodium 4^diinethyI-4-silapentQne-l- 
sulfonate but were actually measured indirectly to acetone in 
l H 2 6X6 = 2.225) (Vliegenthart el al., 1983). 

Results 

Characterization of TgG Glycopeptides by Apparent Size. 
in an attempt to observe what influence differences in poly- 
peptide structure and parental background might have upon 
gtycbsylation, the Pronase digests of IgG secreted by the panel 
of hybridomas were fractionated according to apparent size 
byjalkaline borne GFC. Clonal analysis revealed fchat as few 
as three and as many as five sizo clashes of glycopeptide C<^d! 
be distinguished (Figure 1 ). Although there is some appa^rit:; 
variability relative distribution of these 



Biochemistry, Vol 28, No. 3, 1989 1379 

various classes, the predominant size present was always class 
IV. The molecular weight of this glycopeptide Size class is 
approximately 2000 (Rothman & Warren, 1988). 

A second feature common among all the clones was the 
presence of class 111, IV, and V glycopeptides. Of the 10 
monoclonal IgGs surveyed, 2 (CSAT and L5.1) were found 
to have a pattern different by the presence of additional gly- 
copeptides of size classed J and/or II Although CSAT mAb 
differs, isotypically, L5J mAb is the same as the majority of 
the panel. Thus, a priori, the absolute number of size classes 
does not appear to correlate with the isotype. 

The clonal differences in the elution profile of CSAT IgG 
glycopeptides characterized by class 1 and II glycopeptides 
have been studied more fully (Rothman & Warren, 1988). 
Glycopeptide classes I and 15 were found to differ from the 
other classes chiefly by sialyiation. Their presence reflects the 
expression of an additional glycosylation site, presumably lo- 
cated within the Fab region, whereas, typically, IgG is gly- 
cosylated solely at a single conserved site,-locatcd within the 
Fc portion (Beale & Feinsicin, 1976). Furthermore, extensive 
sialyiation appears to be a feature more characteristic of the 
Fab (and the related Bence Jones proteins) than of the Fc 
(Taniguchi et al, 1985; Abel et ah, 1968; Burton, 1985; 
Chandrasckaran et al., 1981). Typically, the site of all ad- 
ditional carbohydrate is located within the idiotypically defined 
variable region of IgG (Spiegelberg et al., 1970; Sox et al., 
1970). However, this additional carbohydrate probably does 
not correlate with the idiotype or the related antigenic spe- 
cificity. MAbs with either identical specificities (character! ?^d 
by the 1136 scries of anti-hemaggfutinin mAbs) or different 
specificiLics (characterized by the remainder of the panel) 
generally have similar GFC elution profiles of their glyco- 
peptides, although they differ from that of CSAT mAb (Figure 
1). Rather, the expression of an additional site of glycosylation 
would appear to have been acquired adventitiously in the 
process of generating antibody diversity. 

Characterization of IgG Glycopeptides by Charge. Despite 
differences in structure and parental background, all hybri- 
domas of the panel yielded IgG glycopeptides which were 
found to be predominantly neutral by chromatography upon 
DEAR-Sephadex (Figure 2). Subsequent analysis of the 
glycopeptides by alkaline borate GFC indicated that the 
neutral glycopeptides were predominantly of size classes IV 
and V, whereas classes I and II were composed entirely of 
acidic glycopeptides, A variable but significant fraction of 
class III glycopeptides also was acidic. Thw distribution of 
addic glycopeptides by size is an agreement with the sensitivity 
of CSAT IgG glycopeptides to neuraminidase (Rothman & 
• :; -W4rr^mvl988). 

Characterization of IgG Glycopeptides by Affinity for Con 
A, Among the clonally common glycopeptide size classes III, 
IV, and V, the predominant IgG glycosylation phenotype was 
characterized by glycopeptides of low affinity for Con A- 
Sepharosc (Figure 3A-F). Class IV glycopeptides of low 
affinity for Con A-Sepharose accounted • for 42-62% of the 
total radioactivity incorporated into IgG. One of the most 
prominent differences between clones occurred in the relative 
distribution of class IV glycopepUdcs of high affinity and those 
of low affinity for Con A-Sepharose. The ratio between these 
two phenotypes varied between 1 :10 and 2:3. Together, these 
two phenotypes comprised 50-90% of the total radioactivity 
incorporatwl into IgG. 

Characterization of IgG Glycopeptides by Affinity for IcH. 
When analyzed by LcH^garose, glycopeptides of high affinity 
for the lectin were characteristic of the predominant phenotyp© 



1380 Biochemistry, Vol 2$, No. 3, 1989 



Rotiiman cl a). 




M lit IV 

:j;; : ;xSli^::ciai*::;! : ;V-; : ; : 



Total 



nouRE 2: Clonal comparison of IgG glycopeptides by DEAE- 

CSAT ^T«^ P s hy c o T H^- ,abeled ^ Pronasc digests of 
w^ 5 "^ S (B) ; S S * < c )> BI 37.17.I (D) were frac- 
uonatcd batchwise on a column of DEAE^phadoc into neutral (black 
^ diC[S >} pic) ^P^tidea. An aliquot of each chargc- 
; ^ pool was counted to determine the dislribudof : 

Of acidic and neutral glycopepudcs within the total Pronase digest. 
IU balance of each pool was analyzed by alkaline borate GFC to 
Pennine the size ckss distribution. This was weighted for theM 

^^^s^s^^rr^ ,he total ^ 

(Figure 3G-L). By themselves, class TV glycopeptides of high 
affinity for LcH-agarose accounted for 50-75% of the total 
radioactivity incorporated into IgG. 

Compared with classes IV and V, however, glycopeptides 
of size dass III were found to be relatively enriched in gly- 
copeptides of either low or no affinity for LcH-agarose 
Furthermore, qualitative differences were apparent in the LcH 
elution profiles of glycopeptides of high affinity. Those derived 
froni glycopeptides of size class m were eluted somewhat more 
quickly than the analogous ones derived from classes IV and 
V (data not shown). Similar subtle alterations in the Con 
A-Sepharose elution profiles of IgG glycopeptides have been 
reported to result from small differences in oligosaccharide 
structure (Narasimhan et al., 1979). 
nn Ajl0 r th i er interesting common feature was that greater than 
9U%of the IgG glycopeptides of classes III, IV, and V, which 
are assumed to be derived from the Fc portion, had affinity 
for both LcH and Con A. Although both lectins share many 
carbohydrate specificities, core fucosylation is required for 
binding to LcH, but not to Con A (Kornfeld el al., 1981) 
Thus, the lectin binding data in the present study would suggest 
that wrtually all murine monoclonal IgG expresses core fu- 
cosylation of the Fc with very little, if any, variability in its 
expression. ->r:r:- v;;^. 

Characterization by 'IJ NMR Spectroscopy of the Carbo- 
hydrate Structure Derived from the Predominant Phenotype. 
To elucidate the carbohydrate structure expressed In the 
predominant phenotype, the CSAT IgG glycopeptide of size 
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TCURK 3: Ctonai coiuparison of IgG glycopeptides by lectin affinity 
chromatography. The 3 H-Jabeled IgG Pronasc digests were fra* 
tionated by alknline borate GFC\ Next, each of the isolated and 
desall^djlycopeptides was resolved cither by Con A (A-F) or LcH 
(G-L) affinity chrontatography into glycopeptides with cither no {Wack 
bars), low (dark stiplc), or high (tight stiple) affinity tor the particular 
lectin. The distributions by lectin affinity were then weighted for the 
relative ^stribution^of the alkaline borate GFC size classes within 
the tola! digest (as determined from Figure 2). The lectin affinity 
distn butions are shown for the IgG glycopeptides of CSAT (A and 

» ir ^ (B M 1 {C aDd «■ "36.1 5.3 (D arid J), 

B137.17J (E and K), and D4IE4 (Fand L). Nft distribution M $ 
lectin affinity not determined. The panel to the left is described in 
.Figure 2. 



Tabic H: Hi Chemical Shifts of Structural Reporter Groups of the 
T ^^ c ^ J 4es Present in the Predominant Glyoonejt>tide of CSAT 
IgG, Together with Those of a Reference Compound 



reporter group 



chemical shift (ppm) 
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CHv 



to Figure 4; 



residue^ 
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GP-I1-3 (GGn) 
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4.188 ; 


•4^ V 7 


■. &tm- •• 
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2.010 


•2 ' -' ' 
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io9i ; 




2;0S3 


2 051 


.• : " 


2.046 


2.045 


iiSxc 


4.872 


4.873 


Fuc . 


1 201 


1.210 : 



class IV and low affintiy for Cort A-Sepharose was analyzed 
by 500-MHz J H NMR spectroscopy. Its deduced structure 
is depicted in Figure 4. Summarised in Table II are the 
i^Warit 'HiNMR parameters, which dre ;cmpar^d with ihose 
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OlcNAc0l-2Man«1 

| FIGURE 4; Structure of the predominant glycopeptide derived from 
1 CSAT TgG. IgG, secreted by CSAT hybridorjia* grown in vivo, was 
affinity purified, digested with Pronase, and then fractionated 
chromatographically. The carbohydrate structure of the size class 
IV glycopeptide of low affinity for Con A-Sephaxose was elucidated 
by 500-MHz 'H-NMR spectroscopy 

of a reference compound (G Gn) derived from human mye- 
t lomo IgG (Grey eta!., 1982). 

The asparagine-bound GIcNAc-1 was characterized by the 
. chemical shift values of its H-l (6 = 5.069) and iV acetyl (J 
■ = 2.012) signals. All GlcNAc-1 residues are a 1—6 fucosy- 
lated, as revealed by the structural reporter groups for this type 
I of Fuc, namely; H-l (« « 4.872) and CH y (d = 1 .201). The 
| signals for GkNAc-2 (H-l t 5 = 4.681; NAc, 6 = 2,093) also 
I show the presence of the core fucosc. No signals for thcafuco 
I analogue were detectable. 

The biantennary type of branching was seen from the H-2 
, signals of Man-3, Man-4, and Man-4', occurring at 5 - 4,250, 
ii.=AA &6, and 8 * 4. 108, respectively. This was consistent 
with the corresponding H-l signals for Man-4 and Man-4' at 
5= 5.117 and = 4.922. The doublet at 5 = 4.580 is assigned 
to GlcNAc-5', and the doublet at 5 = 4,554 to GlcNAc-5. 
Therefore, the W-acetyl signal at 5 = 2,046 is assigned to 
GlcNAc-5', and the signal at 8 = 2.053 to GlcNAc-5. 

Only one Gal seemed to be present and was localized in the 
Man a\-^ 6 arm by comparison with compounds G Gn and 
Gn G described by Grey et al. ( 1982) . G Gn was a bian- 
tennary glycopeptide terminating with Gal in the Man 
arm and GlcNAc in the Man <*1-*3 arm. In glycopeptide Gn 
G, the terminal Gal was located in the Man al-*3 arm in- 
stead. The chemical shift of H-l of Gal in the CSAT IgG 
glycopeptide was assigned at 5 = 4.472. The placement of the 
Gal in the Man a l-*6 arm is based on the chemical shift 
values of the NAc resonances of GlcNAc-5 and GlcNAc-5' 
as well as the value of Man-4' H-l (see above). These values 
are in closer agreement with the structure of G Gn than of 
Gn G. 

Evaluation of Variability In Expression of Glycosylate 
Phenotypes. Typically, parallel cultures of the same clone; 
grown under identical conditions, yielded very similar IgG 
glycopeptide eiution profiles (Figure 5). However, comparison 
of the glycopeptide profiles of IgG secreted by different gen- 
erations of the same clone revealed an interexperimental 
(generational) variability (Figure 5). Although the nvimbcr 
of size classes remained constant; the relative ;distri]butipir|i^ 
all classes varied in a random fashion. One of the most dra- 
madc chaiigies was in the distribution: of class III glycopeptides; 
Tlte percentage of 

size class varied nearly 3-fold between the different genera- 
tions. This generational variability charactm/^ b^ 
:glycopeptides might account for the aprxtrent clonal difference 
observed in the glycopeptide eiution profile of H36. 15,3 IgG 
(Figure 1C). : 

As culturing conditions are known to influence phenotypic 
heterogeneity in glycosylation (Buck et zX^WlxMti^^K'- 
et al M 1975; Megaw & Johnson, 1979), several typical cultural. 
differences were evaluated as a possible source of the ihlerr 
experimental variability observed in this study; One such 
difference might be the pH of the culturing medium. Cul- 
turuig hybridori^ 



i 




FIOUHK 5: Generational variability in the glycosylation of IgG. CSAT 
hybridomas were cultured continuously in vitro foT 16.5 months. At 
various times; parallel ^ 

pHJ- or [ 14 Cjglucosamine. The secreted IgG was affinity purified 
and digested with Pronase. The "C-labelcd (— > and 3 H*labeled (~) 
Pronase digests obtained from parallel cultures of the same generation 
of CSAT were eochroinatograpaed by alkaline borate GFG The initial 
profile (A) and the profiles after culturing for an additional 2 (B), 
10 (C), 13,5 (D), and 1 6.5 (E) m onths are presented. 




iiOURE: 6: . : Eittcct<yf Culture i medium pH upon IgG glycosylation; 
ParaUel ailturw nf GSAT; buffered with 10 mM NnHC0 3 and either 
25 mM Pipes, pH 6.7 (A), 25 mM Hepes, pH 7.2 (B), 25 mMTes, 
pH 7.2 (C) t 25 mM Hepes, pH fi.O (D), or 25 raM Hepps, pH 8.0 
(E), were ructaboucally labeled with [*H] glucosamine. The 3 H4abclcd 
IgG Pronase digests (--) were analyzed by alkaline borate Gl'C. A 
labeled IgG Pronaiu: digest (■—) derived fmm an earlier generation 
ofCSAT served as a common internal standard, 

did enhance the distribution of glycopeptides of size classes 
I, II, and ITT (Figure 6). However, the variability in the 
relative distribution of class 1 II glycopeptides was not as ex- 
tensive as the observed generational variability depicted in 
Figure 5. 

A second possible cultural difference could be the prolif- 
erative state of the hybridomas^ To assess its effect upon the 
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■ - WQURE 7: Effect of growth inhibitors upon IgG glycosylatioo. ParaUcl 
cultures of CSm were raetabolieally labeled with miklucosamme 
i^thc ab^nce {A} or presence of either 0.1 ^/xiiL vinblastMe sulfite 
(B) or 10 mM thymidine (C) by the protocol described in aider 
™ a ^ r m^*^ was met- 

6bolically labeled with ['^glucosamine in the absence of inhibitor* 
The secreted; IgG was affinity purified and digested with Pronase. 

werecochroinajographedb^^ 

digest (--). Treatment with either inhibitor resulted in a 60fc re- 
ducuon in cell number 

chosen to $ynchroniM : the growthof the hybrido^asf at: various 
pge^ of die <^U Whpr^ thymidme (inhibition at G,/S 
interphases) had no apparent influetice upon glycosylation, 
vinblastine (inhibition in M phase) had a modest effect This 
effect was particularly noticeable in the enhanced percentage 
of class V glycopeptides (Figure 7). 

. DlSCUSSlpN . 

Previously, we have shown that the CSAT hybridoma rep- 
ertoire for glycosylate of IgG comprise a minimum of eight 
distinct pKcn^^ 

present study, si* 0 f these eight phenotypes were found to be 
cotnmonly expressed by all ten clones analyzed and presumably 
reflect glycosylation of tie same site Ideated within the Fc 
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portion of IgG. These clonaJly common phenotypes were 
characterized by glycopeptides of either low affinity, high 
^affinity, or no affinity for Con A-Sepharose and were dis- 
tributed differently by size between classes HI and IV (plus 
V). Class IV and V glycopeptides differ from cacti other only 
: : : by the size of the peptide remaining after exhaustive Pronase 
digestion (Rothman & Warren, 1988). The inability of 
Pronase to completely remove all amino acid residues sur- 
rounding the glycosylation site is characteristic of most gly- 
coproteins and appears to be dependent upon the nature of the 
; : ; oligosaccharide (Kobata, 1984). 

Despite the phenotypic heterogeneity in glycosylation of IgG, 
there is considerable similarity between different clones. In 
particular, virtually all Fc-derived oligosaccharides are believed 
to express a core fucose residue, as, typically, greater than 90% 
of IgG glycopeptides have affinity for LcH-agarose. More- 
over, the majority of the JgG glycosylation by all hybridomas 
is of only two phenotypes. Of these, the predominantly ex. 
Prised phenotype is the same for all clones. Upon digestion 
of IgG by Pronase, this phenotype is characterized chroma- 
tographically by neutral glycopeptides of si/c class IV (M 
which are of high affinity for LCH -agarose but of 
low affinity for Con A-Sepharose. The second most prevalent 
phenotype is characterized by neutral glycopeptides also of 
-size class IV, but which are of high affinity for Con A-Se- 

For CSAT IgG, the carbohydrate structure derived from 
the predominant phenotype has been identified by J H NMR. 
Similar structures are also the predominant ones expressed 
, on rabbit (Taniguchietal. v 1985) and bovine (Taietal., 1975) 
serum IgG, as well as on human myeloma IgG (Kornfeld & 
Kornfcld, 1980; Kornfeld et al., 1971). Chromatographic 
similarity of glycopeptides by four criteria (apparent size, 
charge, and affinity for two lectins) suggests that a similar 
oligosaccharide also is the predominant one expressed on all 
IgG secreted by our panel of murine hybridomas. Due to its 
high affinity for Con A-Scpharose, the second most prevalent 
phenotype is consistent with the expression of an oligo- .: 
saccharide similar to the predominant one, but lacking the 
single galactosyl residue, such that both branches terminate 
with TV-acetylglucosamine (Narasimhan et al., 1979). 

Very recently, Mizuochi et al. (1987) have elucidated the 
structure of the oligosaccharides expressed on IgG from pooled 
murine serum. The major structure is identical with the 
predominant one identified for CSAT IgG in the present study. 
• jl^rihermor^ they have reported that 94% of the oligo- 
saccharides are core fucosyiated and that 80% bear either a 
single galactose residue or none, which is consistent with our 
analysis by lectin affinity: 

Interestingly, though, we find that a lesser percentage of 
sialylated structures are expressed on IgG secreted by murine 
hybndomas than Mizuochi et al. (1 987) reported for murine 
scrii rn Igp. Whereas a comparable percen tage of murine, 
rabbit, and human s 

erable variability in the (Fc) slaiylation of human myeloma 
IgG (Mizuochi et al, 1987, 1982; Taniguchi et al„ 1985). 
Thus, the reduction in sialylation we observe may be a feature 
of murine hybridomas, perhaps as a consequence of the somatic 
hybridization of two cell types. 

Variability in Expression of Glycosylation Phenotypes. As 
anticipated, there is some variability in the relative expression 
Of the various phenotypes. In part, some of this variability 
is Clonal in origin, For example, significant variability between 
different hybridomas exists in the relative expression of the 
two major phenotypes characterized by glycopeptides which I 
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: plona! Analysis of IgC Glycosylation:; . 

bind to Con A-Sepharose but which differ in their affinity. 
In some instances, other differences between clones may reflect 
the expression of an additional site which is glycosylated 
differently. This is exemplified by class I and U IgG glyco- 
peptides derived from CSAT, which are sialylated and lack 
affinity for Con A (Rothman & Warren, 1988). However, 
I there is no phenotype which appears to be uniquely charac- 
• tcristic of either the hybridoma's parentage or the serologically 
defined polypeptide structure of the IgG which it secrete*. 

Instead, there appears to be a continuum of shared phe- 
notypes. Although the predominantly expressed one is always 
the same, these phenotype* otherwise are variably expressed 
in an apparently random fashion by the different clones. To 
some extent, this may be a consequence of the variability in 
glycosylation evident between different generations of the same 
hybridoma upon continuous culturing. This generational 
variability does not influence the number of phenotypes ex- 
pressed. Rather, it results in a random drift in the relative 
expression of these phenotypes, particularly the one charac- 
j terized by class III glycopeptides. 

Anderson et al. (1985) also have reported what appears to 
be a generational variability in glycosylation of mouse myeloma 
JgM. By contrast, Sweidler ct al. (1985) have reported sta- 
bility in glycosylation of major histocompatibility complex 
i (M H C) antigens by lymphomas. Whether thes discrepancy 
t -iireflects intrinsic differences between cell surface and secreted 
I glycoproteins is uncertain. Alternatively, generational varia- 
bility may be an intrinsic feature of immunoglobulins. 

Lastly, some variability in phenotypie expression of glyco- 
sylation may be a consequence of differences in culturing 

I conditions of the hybridomas. However, typical culturing 
differences which would be anticipated, such as culture me- 
dium pH and proliferation status, have only a modest influence 
upon the IgG glycopeptide clution profile. In fact, a survey 
) of environmental challenges, including a comparison of the 
effect of growth of: hybridomas in vitro with that ih vivo, 
revealed only occasional differences in the relative expression 
of the various phenotypes*: whereas the nature of the predom- 
inant phenotype remained conserved (unpublished data). 
The relative clonal similarity in J gG glycosylation poses an 
j intriguing question. If a single, predominant phenotype is 
! sufficiently important enough to have been conserved, why is 
1 there phenotypie heterogeneity? One possibility might be that 
glycosylation defines functional subsets of mAb. Thus, 
heterogeneity in effector function might be a consequence of 
J-isi^ in glycosylation. Studies to determine 

' the effect of metabolically induced structural alterations in 
I glycosylation upon IgG effector function should help to answer: 
this question. : • 
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Effect of Homo Poiy(L-amino acids) on Fibrin Assembly: Role of Charge and 
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AB?TRACrr: Positively charged molecules such as protamine; leukocyte cationic protein, and the Oarboxyl 
terminus of platelet factor 4 have been shown to increase fibrin fiber thickness. Synthetic homo poly(L-araino 
acids) were used to explore the role of charge and molecular weight of cationic molecules on fibrin assembly 
^L C i?wih i^ ly(L ;' yS ! n ^ (PLL) ' P^yd-glutamic acid) (PLG), poly(L-a.s P anic acid) (PT.A), poly(L- 
hislidme) (PLK). and poly(i.-arginine) (PLArg) on the assembly and structure of fibrin gils were studied 
•;£H* light-scattering techniques. At a PLG (A£ r 60000) concentration of 80 Mg/mL and a PL A (M 
2U0O0) concentration of 64 jxg/mL, neither of these negatively charged polymers produced a detectable' 

T ru! mWy ] T tl ^ 01 finaI SlrUCt " re - P0si<ive,y PLAr 8 Mg/mL) caused 

I! ? m ?, bnn . ftbcr mass/length ratio without calcium. In contrast, PLU (16 ^g/mL), also positively 

: X h S n0 A e 5 feCt ln lhe absence of CaC1 * but PK*^ a increase in fiber mass/length ratio with 
«!Im kV ooncentrauons as low as I ^g/mL, positively charged PLL increased the initial fibrin 

can^t ZlZ^tl t0 > T P 6r *?* s / ,en 8t& ra,i0 - The impact on fibrin mass/length ratio was 
equivalent for three different molecular weight preparations of PLL (M r 25000, 90000, and 240000). The 
ack of a molecular weight effect on fiber thickness and the low polymer concentrations required to produce 
the perturbation argue against an excluded volume effect as the mechanism by which lateral fiber growth 
is augmented. Mechanisms by which poly(L-amino acids) may perturb fibrin assembly are discussed 



ibrrnogen normally circulates as : a soluble asymmetric 
protein, M r 340000, until the ammo-terminal peptide, fibri- 
nopeptide A, h enzymatically removed by thrombin The 
subsequent fibrin polymerization kinetics and resulting fibrin 
structure are exquisitely sensitive to and modified by the 
microenvironment in which fibrin assembly occuiu (Jones & 
Gabriel, 1 988). Small shifts in pH, ionic strength, or calcium 
concentration duringthe assembly process result in dramatic 
changes m the material properties of fibrin (Perry, 1947; 
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Carr et alv, 1986a,b). Agents with known positive charge, 
including protamine (Stewart etal., 1969), dcxtran (Carr & 
Gabriel, 1980), and hydroxyethyl starch (Carr, 1986), have 
been shown to modify the final clot structure. Recently, native 
plasma proteins such as immunoglobulins (Gabriel et aU 
1983), histidine-rich protein (l^ung, 1986), leukocyte cationic 
protein (Carr ct a!., 1986a,b), thrombospondin (Bale et a!., 
1986), platelet factor 4 (Carr etal., 1987), and actin (Janmey 
ct al, 1 985) have been reported to alter fibrin assembly kinetics 
and fibrin material properties. The roles of molecular charge 
and size of nonpolymerizing perturbing molecules in deter- 
mining fibrin assembly kinetics and structure remain inconv 
pletely examined. This study reports the effects of charged 
synthetic homo poly(r, -am ino acids) of varying size and charge 
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A NTI BODY-DEPENDENT CYTOTOXICITY MEDIATED 
BY NATURAL KILLER CELLS fS ENHANCED BY 
CASTA NOSPERMINE-INDUCED ALTERATIONS 
OF IgG G LYCOSYLATION* 

Ronald Jay RoTHViAN,f Bice Perussia. Dorotiiee Herlyn and Leonard Warren} 
ITie Wistar Institute of Anatomy and Biology. Philadelphia, PA 19104, USA. 

{First received 22 February V0; accepted in revised form 18 May 1989) 

Abstract— Inhibitors of glycosylation and carbohydrate processing were used to probe the functional 
onri^iuenctis of specilic,<jiI1crcnlifll alterations in glycosylate of monoclonal IgG secreted by hybridoma 
clones. Neither Lhe absence of glycosylation nor Lhc presence of atypical oligosaccharides significantly 
influenced binding of the monoclonal antibody to the cell surface antigen recognized. However, 
Jymphocyk-medialed antibody-dependent cytotoxicity was enhanced si&nHicantly, asairnpared to native 
(unmodified) FgO-seiisili/ed target cells, when target cells were sensitised witn IgG bearing the atypical 
oligosaccharides induced metabolically by casta riospermine, A'-metfiyldeoxynojiriraycin, dcoxymanno- 
jirimydn or mone*irt, but not by swainsonine. The enhanced cytotoxicity was mediated by natural killer 
cells bur not by monocy les or inlerferon-activa ted polymorphonuclear leukocytes. By contrast, antibody- 
dependent cytotoxicity mediated by activated polymorphonuclear leukocytes; against target cells sensitized 
with the IgG gIyco3ylation phenotypes induced by swainsonine and tunicamycin, but not by casluno- 
sperrainej -was decreased in comparison lu cytotoxicity against target cells sensitized with native IgG. 
The enhanced lyaiphocyte-mcdiaied cytotoxicity was Fc receptor-dependent. 

A panel of monoclonal antibodies directed against different human tumor target cells was used to 
demonstrate that the ca^tanospermine-induced IgG phenotypc generally enhanced antibody-dependent 
tumoricidal activity mediated by natural killer cell*. H owever, differences in lymphocyte response to an 
alteration m IgG giyeosylulion were observed. 



INTRODUCTION 

A similar site of glycosylation is located within the Fc 
portion of IgG from different species {Howell c/ al % 
1967). Conservation of Kc glycosylation would sug- 
gest a fundi ond importance for this moiety. The role 
of glycosylation has been studied by depleting IgG of 
its carbohydrules either enzymatically, by treatment 
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Abbreviations: FcR, receptor for the Fc fragment of IgG; 
ADCG; antibody-dependent cell-mediated cytotoxicity; 

ctistanospcrminc; DMM, deoxymannojirimycin; 
MdNM, A%nmlhyldeuxynojiriinycin; Mon, monensin; 
Sw, swainsonine; Tm, tunicamycin; NK, natural killer 
PHL, peripheral blood lymphocyte; PMN, polymorpho- 
nuclear leukocyte; GKC, gel lUtrution chromatography; 
iSndo II, cndo-/l-A^-acctyfelucosaniinida!>e H; Gon A, 
edncanavalin A; LcII, Lens adman's agglutinin; 
RIA, radioimmunoassay: mAb, monoclonal antibody; 
r-IFNy. recombinant immune interferon; Hl-KRS, heal- 
maeuvatcd fetal bovine serum; PBS, 137 mM NaCl/ 
■■frmM KCt/S tnM Na,HP0 4 /l.5 mM KHjPO, (pll 7.4); 
TBS, 150mA/ NaG/IOmAY Tris/1 tnM CaCljlmM 
MgCVO.02% NaN, (pH 8). 



of : hyperimmune rabbit IgG with glycosidascs 
(Winkelhakcc* a/., 1980; Koidc eiaL\ 1977}, or metab- 
olically by treatment of IgG-secreting murine hybri- 
domas and myelomas with tunicamycin (Leather- 
barrow et a(, f 1985; Nose and Wigreli, 1983). 

•Carbohydrates covalently bound to the IgG 
protein backbone are not necessary for either proper 
assemblage or secretion of IgG, as shown in studies 
using IgG from murine myeloma or hybridoma cells 
cultured in Lhe presence of tunicamycin (Lcather- 
bnrrow e/ ah, 1955; Lcathcrbarrow and Dvvek, 
1983; Nose and Wigzell, 1983; Hickman and Korn- 
fcld, 1978). Similar results have been obtained 
by Wettzman and SchadT (1976), using a mutant 
mouse myeloma that synthesized a polypeplide- 
deleted TgG heavy chain with a partial block in 
glycosylation. 

Deglycosylation does not seem to niter significantly 
the antigen-binding properties of IgG antibodies, as 
aglycosylatcd IgG secreted by tunicamycin-treated 
hybridomas have been shown to maintain the 
Same antigen-binding affinity as their glycosylated 
forms (Nose and Wigzclh 1983; Leatherbarrow and 
Dwek, 1983). Similarly, enzymatic dcglycosylation of 
hyperunmune rabbit IgG with $ -aspartyJ-tf -acetyl- 
glucosamidohydrolase has no effect upon antigen^ ; 
binding (Winkelhake et al> 1980). 

However, depletion of carbohydrates, cither from 
rabbit fgG or from murine IgG secreted by faybri- 
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doinas, results in significantly lower binding to Fc 
receptors (FcR) expressed on human monocytes 
and murine macrophages (Leatherbarro^ et aU 
1985; Nose and Wig*eii, 1983; Koide et aL. 1977); 
Presumably* the decreased binding of carbohydrate- 
deficient IgG antibodies to FcR I account* for the 
decreased antibudy^dependent cytotoxicity (ADCC) 
mediated by murine macrophages and splenocytes 
against target ceils sensitized with carbohydrate- 
deficient IgG (Nose and Wigzell, 1983; Koide etai, 
1977). 

: ;l |l|jthough these studies suggest that glycosylate 
of the IgG antibodies used ! to sensitize the target 
cell plays a role in ADCC, these studies do^t; 
address the question of the functional significance of 
individual types of IgG oligosaccharides. In fact, m 
urray'of 31 structurally distinct, yet related, oligo- 
saccharides arc expressed on human IgG (Parekli 
et aL 1985) and approximately half of these ohgo- 
saccharides arc found on mouse IgG as well 
(Mizuochi et aL, 1987). 

Recently, a series of carbohydrate processing 
inhibitors have become available These inhibitors 
interfere with discrete steps involved in the matura- 
tion of protein-bound Oligosaccharides (Elbein, 
1987), Castanosperminc (Cs) and • JV-methyldeoxy- 
nojirirnyem (MdNM) are chemically dissimilar 
glueosidase inhibitors that interfere with an early step 
of carbohydrate processing. The next steps involve 
removal of dirlerent mannosyl residues by two dis- 
tinct man nosidasw. The first of these mannosidases is 
inhibited by dcoxymannojirimycin (DMM), whereas 
the later-acting mannosidase is inhibited by swain- 
sonine (Sw). These trimming reactions are necessary 
for the oligosaccharides to acquire structures able to 
interact subsequently with glycosyltransferases. 
These transferases catalyze the terminal elongations 
characteristic of the mature oligosaccharides found 
on secreted glycoproteins. Although the effect of 
monensin (Mon) is less certain, it appears to uncouple 
the trimming reactions from the terminal elongations 
of the oligosaccharides. Several of these inhibitors, 
tested on rat hybridomas, have no effect upon IgG 
secretion (Uashim and Cushley, 1987, 1988). 

tn this report, we describe the functional effects of 
alterations in IgG glycosylate induced by inhibitors 
of glycosyiation and carbohydrate processing. The 
structural alterations have been characterized and 
correlated with their effect upon ADCC mediated by 
various populations of human peripheral blood 
leukocytes Our data suggests a possible involvement 
• of core fucosylation of IgG in NK. cell-mediated 
ADCC, 

MATERIALS ANU METHODS 

Materials 

D-nJ- ,4 Cj-Glucosarrunehydrochloridc(284Ci/mol), 
D-toX/^^Hl-glucosamine hydrochloride (23.4 0/ 
rnmol), Na 2 fl Cr0 4 and Reliance were purchased 



from New England Nuclear (Boston, MA), Sephudcx 
G-50 (Superfine), Con A-Sepharose and Protein 
A-Sepharosc were obtained from Pharmacia Fine 
Chemicals (Piseataway, NJ). LcH (E-Y Laboratories, 
San Mateo, CA) was conjugated to Affiget 10 (Bio- 
Rad, Richmond, CA) (7 mg/ml resin) according to an 
established procedure (Knudscn et ul, 1981). Endo- 
glycosiduse H (endo^-A^-acctylglucosaminidase H) 
was purchased from Gcnzyme (Boston, MA), and 
Fronase (grade B) was from CalBiochem (San Diego, 
CA). r-lFN? was purchased from Genentech, ink 
(San Francisco, CA). 

Castanosperminc was supplied initially by Dr R. J, 
Molyneux (Agricultural Research Service, &SDA, 
Albany, CA), and later was purchased from Gen- 
zyme. Deoxymannojirimycin similarly was purchased 
frorn Genzymc; iunicamycin and monensin were 
from Sigma (St Louis, MO). N -Methyldeoxyno- 
jirimycm was a gift from Dr R, J. Sehwarz (Institut 
tur Virologie der Justus-Liebig, Giessen, F.R.G.). 
Swainspnine was obtained from Drs D. R- P. Tulsiani 
(Vanderbik University, Nashville, TN) and P. R. 
Dorling (Murdoch University, Murdoch, Western 
Australia). 

Murine hybridorrta clones and monoclonal IgG 

Description of hybridomas, 34-5-8S hybndomas 
were obtained from the American Type Culture 
Collection (Rockville, MD). These cells secrete an 
IgG2a mAb with specificity for the H-2D d alloantigcn 
(QvMo et aL, 1982). 

A panel of hybridomas that secrete inAbs to 
human tumor antigens was previously described 
(Hcriyne^/-, 1979, 1983, 1985; Mazauric ct dl % 1982; 
Mitchell et aL 1982). All mAbs were of lgG2a 
isolype. The mAbs ME-288, ME-5073 and ME-37-7 
are directed against antigens expressed on WM-9, a 
human melanoma ceil line. CO-17-IA is directed 
against an antigen expressed on SW-1U6, a human 
colorectal carcinoma ceil line, and LU-16BI3 recog- 
nizes an antigen present on both tumor cell lines. 

Culturing conditions. Hybridomas, seeded at 
5 x 10 5 /ml, were cultured in Dulbecco's Modified 
Fagje Medium with low glucose (Gibco, Grand 
Island, NY), supplemented with 10% Hl-FBS, 
10 mM sodium bicarbonate and 25 mM Henes (pH 
7,2). Parallel cultures were grown in the presence or 
absence of either Tm (0.25 /tg/ml), Cs (10 fi$l^) t 
MdNM (1mA/), DMM (1 mM), Sw (2/ig/ml), 
or Mon (0,25 //M). For structural characterization 
studies, cultures were pre-incubated for 20 hr, and 
then metabolically labelled with either ['^glucos- 
amine (2 A<Ci/ml) or [^-glucosamine (0.5pCi/Wf 
for" an additional 48 hr. Replicate cultures for cuch 
condition remained unlabelled for functional studies ^ 
Jn some instances, the cells were cultured in RPMl 
1640 medium supplemented with 10% HI-FBS and ( 
IxnM glutamine (complete RPMi). 

Isolation uftgQ. IgG in the spent culture medium . 
were affinity-purified chromatographic^ on Protei* ( 
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A-Sepharo$e by a modification of the procedure of 
Ey et at. (1978). Uriubdied, affinity-purified IgG used 
for functional Studies were dialyzed against PBS. 
All manipulations were performed at 4°C. Protein 
concn in each IgG preparation wa$ determined 
fluorimetricaJly by conjugation with fluorescamine 
(Bohlen ct a/., 1973). 

Pronase and Endo II digestions. For structural 
characterization studies, metabolically labelled, 
affinity-purified IgG were incubated with pre-digested 
pronasc for 3 days according to an established proce- 
dure (Blithe et a!., 1980). The pronasc digests were 
heat-inactivated by boiling for 5 min, and then 
lyophilized. In some inslunees, the residue was sus- 
pended in 200 mM sodium citrate/citric acid (pH 5.5), 
and iacubated at 37*C for 21 hr with 10 mU of Endo 
H (50 mU/inl, finnl concn). 

Structural characterization studies of IgG glycosyl- 
aiion 

To insure consistency of elution profiler, a Re- 
labelled IgG pronase digest was added as an internal 
standard to all H Mailed samples. The resulting 
doubly-labelled mixture of pronase digests was ana- 
lyzed chromatographicaJJy using various techniques. 
:T he radioactive distribution in each chromatographic 
fraction, determined by liquid scintillation counting, 
wu$ plotted by computer-aided graphics, which also 
provided peak area summations. 

Alkaline borate gel filtration chromatography. Blue 
dextran and phenol red, added to the sample, served 
as exclusion and inclusion volume markers, respec- 
tively. Samples were analyzed on Sephadex G-50 
columns (I x 1 35cm) v equilibrated and developed 
with an alkaline borate buffer composed of 45.5 mM 
boric acid/4.5 mM sodium tetraborate/2 mA/ Na ? - 
L'DTA/0.02% sodium azide (pi I 8.2) (Rothman and 
Warren, 1988). The nominal flow rate was 3 ml/hr, 
and fractions of 0.7 ml were collected. 

Lectin affinity chromatography. After boiling for 
5 min, the pronasc digests were analyzed on Con 
A Sepharose or LcH-agarose columns (0.7 x4cm) 
according to the procedure of Cummings and Korn- 
fcld (1982). OlycopepUdes lacking lectin affinity were 
removed by washing the column with TBS buffer. 
Lectio-bound glycopeptides were eluted stepwise; 
first, glycopeptides with low lectin affinity were eluted 
With I0m/Vf a-methylglucoside in TBS. Afterwards, 
glycopeptides with high affinity were eluted with 
100 mM 2-methylmannoside in TBS, pre-warmed to 
60°C 

Fun^tio 

Target cell lines. The murine mastocytoma P8 1 5y 
of DBA/2 origin (H-2*) was maintained in culture in 
complete RPMI medium. 

The human tumor cell lines WM-9 (melanoma) 
and SW- 1 116 (colorectal carcinoma) were cultured in 
leibovitz's L~15 medium supplemented with 10% 
Hl-FBS. Single-cell suspensions of these adherent cell 



temp with trypsin (1.25 riig/ml in 0.1% versene). 

Ptriphend blood leukocyte preparations. Peripheral 
blood, obtained from healthy donors by venipuncture 
and anticoagulated wltli heparin, was processed 
using an established protocol (Perussia et aU 1987a). 
Blood was centrifuged on a Ficoll/Hypaque gradient 
(F/H, density - 1.077g/ml). Mononuclear cells at the 
upper F/H interface were fractionated into PBL and 
monocytes by adherence to plastic surfaces after a 
1-hr incubation at 37 W C in complete RPML Adherent 
monocytes were recovered by scraping. Cells from the 
lower F/H interface were mixed with plasma, and 
diluted with 3% Dextran T500 mO ASM NaCL After 
incubation at 37 6 C, the leukocyte-nch plasma was 
separated from agglutinated erythrocytes; PMN were 
isolated from this fraction after hypotonic lysis and 
a second centrifugation on F/H. All leukocytes were 
maintained in complete RPMI. In some cases, PMN 
(4 x lO^/ml) were incubated overnight at 37 y C with 
r-TFf4v(200U/mI). 

NK cells were purified from short-term bulk 
cultures of peripheral blood mononuclear cells cog! 
cultured for 10 days with an irradiated B lyrnpho- 
blastoid cell line (Daudi or RPM1-S866) (Perussia et 
ah* \9%lb). NK cells were negatively selected from 
these lymphocyte cultures using a mixture of T ccll- 
and monocyte-speeUjc monoclonal antibody- and 
anti-globulin-rosetting as previously described iu 
detail (Perussia et ah. 1983). 

Binding studies. Triplicate samples of P8 15y cells 
(10 v ce]Is/50 ^l/well) were incubated at room temp 
for 30 min in (he presence or absence of serial log 
dilutions (initially, 10/ig/ml) of the various glycosyl- 
ation phenntypes of 34-5-8S mAb, produced in the 
presence or absence of inhibitors of glycosylation and 
carbohydrate processing. After extensive washing, 
the cells were incubated for an additional hr at 4 6 C 
with ,23 WabelIcd goat lg anti-mouse IgG, Cell-bound 
radioactivity was determined, after extensive wash- 
ing, in a 7 -counter, All incubations and washes were 
performed at 4*C with PBS/0.1% gclutin/0,1% 
sodium uzide (pH 7.2). . 

The Uter of anti-human tumor rnAbs in the spent 
hybridoma culture fluid was determined similarly by 
indirect RIA binding studies using 1:3 dilutions of 
the culture fluid. 

Antibody-dependent cell-mediated cytotoxicity. 
Cytotoxicity mediated by peripheral blood leuko- 
cytes wa& determined in a 3-hr 51 Cr release assay 
(Trinchieri et a/., 1984). Alter labelling overnight 
with "Cr (10Q^Ci/l0* cells), P815y target cells 
(5 x 10 5 /ml) were sensitized with 34-5-85 mAb 
(1 pg/ml) for 20 min at room temp, and xhen washed 
free of excess, unbound mAb. A constant number of 
these target, cells (l^/well) was added to aerial dilu- 
tions of effector cells in a 96-wcll microtitcr plate in 
complete RPMI. The plates were spun for 1 min at 
800 rpm, and aOer a 3-hr incubation at 37*C, the 51 Cr 
released into the supernatant was measured in a 
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y -counter. The percentage specific cytotoxicity was 
calculated as 



OBS- S R. 



MAX-S.R, 



x 100% i 



where OBS Is the release observed in the presence of : 
effectors; S.R- is the spontaneous release in the 
absence of effectors and MAX, the maximal release 
ip the presence of 1% Triton X-iUO. Typically, 
maximal release from target cells corresponded to 
90% of the cell-incorporated isotope; and sponta- 
neous release was less than 10% of maximal release; 
Values represent the mean of triplicate determina- 
tions, 

ADCC of human tumor target cells was performed 
similarly, but with slight modifications. WM-9 and 
SW*H16 target ceils were labelled overnight with 
5l Cr (SO/jCi/lO' cells and IO0;xCi/lO 6 cells, respec- 
tively). The trypsinized suspensions of labelled target 
cells were sensitized with a 1:2 dilution of the spent 
hybridoma culture fluid By indirect RIA binding 
studies, this concn had been determined previously 
to be saturating. Effector cells were NK cells that 
had been trypsin- treated in order to abrogate their 
ability to mediate spontaneous cytotoxicity (Perussia 
et aL, 1979). For this, NK cells (I0?/ml) in serum- 
free RPMI medium were incubated with trypsin 
(! mg/ral) at 37 V C lor 20mm, and then washed with 
complete (scrum-supplemented) medium. Release of 
51 Cr from target cells was determined after a 6hr 
incubation ul 37 t: C 

[ M ] RESULTS 

Characterization of IgG glycop^uk alteration* tn° 
duced by inhibitors of carbohydrate processing 

;T^ 

was determined by analyzing the glycopeptides 
derived from IgG secreted by 34-5-8S hybridomas 
cultured in the presence of these inhibitors, Although 
some similarities existed between glycopeptides 
derived from the different pharmacologically-induced 
glycosylation phenotypes, each altered phenotype 
was characterised by a unique set of IgG glyco- 
peptides. For instance; when analyzed according to 
apparent sue by alkaline borate GFQ only the 
glycopeptides derived from the Sw-induccd pheno- 
type were characterized by a relatively increased 
amount of class III glycopeptides (Fig. IB). By 
contrast, culturing hybridomas in the presence of Cs 
or Mon induced small, but notably opposite, effects 
upon the apparent size of class IV glycopeptides 
(Fig. 1C and D). Relative to glycopeptides from 
the natively expressed phenolype (produced in the 
absence of inhibitors), Cs slightly increased (Fig. 1C), 
whereas Mon slightly decreased (Fig. ID), the appar- 
ent size of class IV glycopeptides. Although small, 
TtHcac differences in apparent ai*e Induced by Mon and 
Cs probably are not artefactual, since in the absence 
of these inhibitors no differences in the eluttoni pro- 



files arc apparent between class TV glycopeptides 
derived from IgG secreted by two parallel cultures 
differently labelled with W C and *H (Wg. IA). 

Unlike the IgG glycopeptides from the natively 
expressed phenotype, glycopeptides from each of the 
altered phenotypes were sensitive to Endo H diges- 
tion (Fig- IR-H). However, comparison of the glyeo- 
peptide elution profiles after Hndo H digestion would 
suggest that the Sw- and Mon-induced phenolypes 
are structurally related and distinct from the pheno*:; 
type induced by Cs. Particularly apparent are differ- 
ences in the late-eluttng oligosaccharide fragment 
Which is released from the glycopeptides upon Rndo 
H digestion. When derived from glycopeptides of the 
Cs-induecd phenotype, a lesser amount of the total J 
radioactivity is released, and this fragment is clut^| 
later than the analogous fragments released from;; 
glycopeptides of the other altered phenotypes. 

Previously, we had shown thai pronase-digested 
IgG from murine hybridomas can be resolved by 
apparent size into as many as five size classes of 
glycopeptides by GFC in the presence of an alkaline ; i 
borate 

Warren, 1988). Unlike class IV and V glycopeplides, 
a significant fraction of cla$s III glycopeptides was 
sialylated. Moreover, class ITT glycopeptides were 
found to be relatively enriched in glycopeptides of 
low or no affinity for LcH agarose. Additionally, 
class 111 glycopeptides of high affinity had qualita- 
tively di fie rent LcH elution profiles than the una- 
logous eluss IV glycopeptide*. 

Thus, structural alterations in glyeosylation 
induced by Cs, Mon and Sw, as suggested by differ- ( 
ences In GFC elution profiles, are apparent especially 
from the quantitative and qualitative differences in 
the lectin affinity chromatographic elution profiles 
of the IgG glycopeptides. In particular, the glyco- 
peptides of low affinity for Con A derived from 
the altered phenotypes had a more retarded elution 
pattern than those of low affinity derived from the 
native phenotype (Fig. 2A-D). However, of all of the 
altered phenotypes, only the phenotype induced by 
Mon is characterized by an increase in the distribu- 
tion of glycopeptides of high affinity for Con A 
(Fig. 2D). 

Unlike the phenotype induced by Sw, both the Cs- 
and Mon-induced phenotypes arc characterized by a 
five-fold increase in the distribution of glycopeptides 
which lack affinity for LcH (Fig. 2G and H). Of more 
importance, there is no comparable increase in the 
distribution of glycopeptides which lack affinity for 
Con A. Presumably, the majority of the glycopeptides 
derived from the Cs- and Mon-induced phenotypes 
Which do not bind to LcH will bind to Con A. 

effect of alterations in glycosylalion upon anii%w (, 
binding 

The influence of the 34-5-RS IgG glycosylate 
phenotype upon binding to the target cell PS15y wllS 
determined by indirect RIA (Fig. 3). Similar amounts 
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F%. I. HHTttut of carbohydrate processing inhibition upon ulkaline bonite GFC dulion profiles of IgO 
glycopeptidss. Parallel cultures of 34-5-8S bybridoma were metabolically labelled with [ J H]*glucasaminc 
in the absence or presence of cither Sw, Cs or Mon. An additional culture was labelled with 
f 14 C] glucosamine in the absence of inhibitors, t he secreted IgO was affinity-purified and digested with 
pronasc. The alterations in gl>-cosylauon were characterized on a column of Sephadex G-5G by alkaline 
borate GFC before (A-D) and alter (£- H) Cndo H digestion of the 5 H-labelled (---) pronase digest. The 
u G-labei]ecl — ) digest, added before chromatography, served as a common internal standard. The 
emtion profiles are shown for the glycopeptides derived from the native phenotype (A and H) as well as 
the Sw-induccd (B and F) t Cs-induccd (C and G) and Mon-induced (D and H) phenotypes. 



of mAb bound to P815y targets regardless of the 
nature, or even the absence, of the TgG oligosaccha- 
ride. Saturation of target cells occurred at a mAb 
concn of 1 jig/ml for all glycosylation phenotypes. 

Effect of alterations in glycosylation upon antibody - 
dependent celt-mediated cytotoxicity 

All effector cell populations tested mediated signifi- 
cant levels of ADCC against P8 1 5y target cells sensi- 
tized with a control polyclonal rabbit antiserum (data 
not shown). ADCC mediated by PBL and monocytes 
against 34-5-8S mouse monoclonal antibody-sensi- 
tized targets was lower than that mediated against 
polyclonal antibody-sensitized targets, whereas PMN 
mediated similar levels of ADCC against monoclonal 
or polyclonal antibody-sensitized target ceils. 

When their ability to promote ADCC wore com- 
pared, the various altered phenotypes of 34-5-8S 
mAb were found to differ. Sensitizing P815y target 
cells with IgG produced In the presence of Mon, 
or of the chemically dissimilar glucosidase inhibitors 
Cs and MdNM, enhanced ADCC mediated by 



PBL (Kig. 4A). This enhancement in cytotoxicity 
was observed consistently with PBL obtained from 
various donors (lymphocytes from 24 donors assayed 
with the Cs-induced, and five donors with the Mon- 
induced phenolypes of mAb) (data not 

shown). 

in addition to being specific for certain "altered 
phenolypes; the enhanced cytotoxicity was specific 
for the effector cell population. The Cs- and Mon- 
induced phenntypes did not enhance cytotoxicity 
mediated by monocytes or r-IFNy -treated PMN 
obtained from the same donor of the PBL (Fig. 4B 
and C). 

Instead, the Cs-induccd phenotypc was as active 
as the native phenotypc at promoting ADCC 
mediated by activated PMN. Additionally, PMN- 
mediated ADCC against target cells sensitized with 
iheTm-or Sw-ipduced phenotypes was significaritly 
lower than that against native IgG-sensitized . cells. 
However, unlike what is observed with PBL 7 all IgO 
pbenotypes were effective in promoting ADCC by 
PMN. 
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Fig 2 Effect or carbohydrate processing inhibition upon lectin affinity elution profiles of I§G 
olyco peptide. The pronasc digests of the various phenutypes of 34-5-8S IgG (described in Fig. 1) were 
analyzed by cither Con A (A D) or LcH (F.-H) affinity chromatography. Arrows indicate the start of the 
stepwise applicitttrtri of iO m Af a-mctnylgrucosidc (!) and 100 mM a-methylirannoside (2). The percentage 
of Hi recovered in each of the three lectin affinity fraction* is also shown, The eluuon prohlcs are shown 
for the glycosides derived from the native phenotype (A and E>, as well as the Sw-jnduced (B and F), 
Gs-induced (C and G) and Mon-induccd (U and H) phenotype*. 
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Fig. 3. Effect of IgG glycosylation phtnutype upon 
antigen-binding. Serial log dilutions of equal amounts 
of 34-5-8S mAb of the various glycosylation phenotypes 
were incubated with a constant number of P8l5y cells. 
The amount of mAb bound at each dilution was determined 
by indirect RIA with l?, I-iabellcd goat Ig anti-mouse 
IgO. This was corrected for the amount of label bound 
non-spccilically in the absence of 34-5-8S mAb, approxi- 
mutely 5 7% of maximal bound. The IgG glycosylation 
phenolypcs assayed were the natively expressed (□), and the 
altered phenotypes induced by $w (Q), Tm(x), Cs (■);$*. 
Mon (♦). 



Virtually an ADCC observed withPBL is mediated 
by FcR-bearing NK cells (Perussia er a/., 1983). For 
further studies, NK cells were purified to homogene- 
ity from bulk cultures of peripheral blood mono- 
nuclear cells. As previously described (Perussia et aL 
mib), these purified NK cells had the phenotype 
and ; functions of freshly obtained NK cells, and 
mediated high levels of ADCC against polyclonal 
antibody-sensitized P815y target cells (data not 
shown). As observed with fresh PBL, these NK cell 
preparations mediated minimal levels* of ADCC 
against P815y targets sensitized with native 34-5-8S 
murine rgC2a monoclonal antibodies, but were 
able to mediate high levels of ADCC against P815y 
target cells which had been sensitized with either the 
Cs- or Mon-induced phenotype of 34-5-8S mAb 
(Fig. 5 A), A similar enhancement in NK -media ted 
ADCC also was observed using target cells sensitized 
with the DMM-induced phenotype of 34-5-KS mAb 
(Fig- 5B), and was observed consistently with NK 
cells from a total of five donors (data not shown)- 
As described for the other phenotypes, indirect M A 
binding studies revealed that the enhanced cytotoxic- 
ity promoted by the DMM-induced phenotype could 
not be ascribed to a significantly greater binding of this 
IgG phenotype to the target ceil (data not shown);; 



1:119; 




r A 



6.3; 1 1^ 5:1 25:1 50:1 
EffwIor.Targe: ratio 

Fig. 4. Effect of IgG glycosylauon phenotype upon ADCC 
mediated by diilereiit leukocyte populations. A constant 

irig amounts of 34-5-8S mAb of the various glycosytatibn- 
phenctypes, was udded to serial dilutions of various popu- 
lations of human peripheral blood leukocytes. Specific 
AdCC mediated by either FBL (A), PMN (acuva ted with 
r-TFNy ) (B) or monocytes (Q was then determined in a 3-hr 
M Cf release assay. The fgG glycosylation phenotypes 
assayed were the natively expressed (□), ami the altered 
phenotypes induced by Sw (O), Tra (x), Cs (■), MdNM 
(A) or Mon (^M:\M 



The enhanced lymphocyte-rnediated : cytotoxicity 
was found to be FcR-dependent (Fig. 6). ADCC was 
specifically abrogated by pre-incubation of PBL with 
3G8, an anti-FeR mAb (Perussia and Trinchieri, 
19S4; Fteit ct al„ 1982), but not by other irrelevant 
m onoclonal antibodies (data not shown). Fre-treat- 
ment of NK celb with trypsin did not abrogate 
ADCC (Fig. 7), although FeR-independent sponta- 
neous cytotoxicity of K562 or humun tumor target 
cells was abrogated (data not shown). Trypsin resis- 
tance is a charactersitic feature of the FcR expressed 
on NK cells (Pciussia et uL\ 1 979). 

Generality < vj "the Influence of the C$ -induced phenotype 
upon ADCC mediated against tumor target ceils sensi- 
tized with u panel of mAbs 

The generality of the phenomenon of enhanced 
NK ccll-mcdiatcd ADCC was explored using various 
human tumor target cell lines sensitized with a panel 
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Fig. 5. Effect of TgO glycosylftlion pherjolype upon NK- 
mediated ADCC. P8l5y target cells labelled with 51 Cr were 
sensitized with saturating amounts of 34-5-8 S mAb of either 
native (U) or the Oi- (■), Mon- (#) or DMM -induced tA) 
phenotype. The effect upon ADCC was determined in a 3-hr 
^Cr release assay using serial dilutions of NK effector cells 
purified from I wo donors; (A) and (B) • 



of murine mAbs. As observed with PfU5y target 
cells; the native IgG phenotype of relevant anti- 
genic specificity induced only minimal ADCC by 
NK cells. ADCC activity generally was enhanced 
when WM-9 melanoma cells were sensitized with the 
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Fig. 6. Fc receptor*dependence of enhanced PBL*mediatcd 
ADCC Serial dilutions of PBL (initially, 1.25 x 10 5 /wcll) 
were pre-incubated at room temp for I hr in the presence 
(closed symbols) or absence (open symbols) of 3G8 ascites 
lluid (l: LOU dilution). The effect upon ADCC was 
determined after the addition of 3, Cr-labelled F8l5y turgel 
cells (tO 4 /well) which had heen sfinsi tired with saturating 
amounts of 34-5-8S mAb of either nauve (A. A), Cs- 
(□> ■) or Mon+induced (O. •) phototype. Spontaneous 
cytotoxicity against labelled P8!5y targets which had not 
been sensitized with 34*5-8S mAb was determined in the 
absence of 30^ ascites fluid (x). : 
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Fig. 7. Effect of trypsin treatment of NK ceils upon 
enhanced NK-mediatcd ADCC. Purified NKL cells were 
incubated at 37°C for 30 rain with trypsin (I mg/ml/lO 7 
cells). The effect of the treatment upon ADCC was deter- 
mined in » ^hr ^ Cr release assay using P815y target ceils 
thai had been sensitized with saturuting amounts of either 
the native (A, A) or Cs-induced (□, ■) pbenotypc of 
34-5-SS niAh: Trypsin-treated NK cells arc indicated by 
dosed symbols; untreated NK oelhs by open symbols. 



Cs-induced phenotype of mAos of rekvunt antigenic 
specificity (Fig. 8), From a total of five donors 
assayed, NK cells from four donors mediated signi- 
ficantly greater ADCC when WM-9 cells were 
Sensitized with the Cs-induced phenotype of either 
LU-16B13 or ME-288 mAb (data not shown). 
Although the level of ADCC was too low to be 
conclusive, ADCC of WM-9 cells also appeared to be 
enhanced by sensitizing target ceils with the Cs- 
induced phenotype of either ME-5073 or ME-37-7 
: mAb (enhancement observed with NK cells from 
three donors; total of four donors assayed;! data|n||| 
shown). 

A second tumor cell line SUM 116 also was used 
as a target (Kg. 9), The Cs-induced phenotype of 
LLM6B13 was found to augment cytotoxicity against 
both tumor lines by NK cells derived from the same 
donor. Cytotoxicity by the same NX cells, however, .. 
was enhanced, though only modestly, when SW^ 
j 116 target cells were sensitized with the <^-indu<^;: 
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Tig M Effect of the C3-mduced phenotype of a panel of anii'WM-9 mAbs upon NK-meduUed ADCC. 
WM-9 larsd celts were sensitized with saturating amounts of either Ike nmive (|J) or Cs-induccd (■) 
phenotype of LU-I6BJ3 (A and B)» ME-288 (B and F), ME-5073 (C and G) or ME-37-7 (P and H)mM* 
(1:2 dilution of spent hybridon* culture fluid). The effect of the altered IgG phenotype upon ADCC 
activity was measured i« a 6-hr 5, Cc release assay using serial dilutiuns of purified NK effector cells from 
•eittier donor A (A-D) or donor B (E-H). To assess spemtaneoo* cytotoxicity, WM-9 cells cither were not 
sensitized with mAb (#); or were sensitized with CO-17-IA, at iaotype- matched mAb of irrelevant 
antigenic specificity, of cither the native (A) or Conduced (A) phenotype. 
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Fig, 9. Effect of the Cs-induced IgG phenotype upon 
NK -mediated ADCC of several human tumors. SW-1116 
target cells were sensitized with saturating amounts of either 
the native (□) or Cs-induced (■) phenotype of LU-16BU 
(B) or CO-17-1 A (C) mAb (f :2 dilution of spent hybrid oma 
culture fluid). WM-9 target ceils were sensitized similarly 
with LU-I6B13 raAb (A). The effect of the altered IgG 
phenotype upon ADCC activity was measured in a 6-hr 
* f Cr release assay with serial dilutions of purified NK 
cells from the same donor. To assess spontaneous cyto- 
toxicity, target cells either were not sensitized with mAb 
(x); or were sensiiized with an isotype-matched raAb of 
irrelevant an Ugenic specificity, of cither the native (A) or 
Cs-induced (A) phcnotyi«. MF-288 and CO-l7^lA mAbs 
wore used as irrelevant mAbs for SW-lt 1 6 and WM-9 target 
cells, respectively* 



phenotype of CO-17-1 A mAb instead. Sensitizing 
SW-1116 cells with the Cs-induced phenotype of 
cither LU-16B13 or CO- 1 7-1 A mAh enhanced 
ADCC mediated by NK cells from three donors 
(total of five donora assayed; data not shown). 

In these latter ADCC studies* human tumor cells 
were sensitized with saturating amounts of the spent 
culture medium of the hybridoma, rather than with 
purified mAb, However, the use of the unpurhicd 
mAb preparations did not seem to interfere with the 
cytotoxicity assays. Dialysis of the spent cultur^;: 



medium to deplete it of the carbohydrate processing 
inhibitors did not influence ADCC (data not shown). 
Also, it should be noted that the cytotoxicity assays 
were done in the absence of the inhibitors, as target 
cells, after brief sensiti7ation with mAb, routinely 
were washed free of the sensitizing hybridoma culture 
medium prior to incubation with NK cells. Further- 
more, sensitization of tumor target cells with the 
spent culture medium from Cs-treated hybridomas 
Lhat secrete an i so type-matched mAb of irrelevant 
antigenic specificity did not enhance spontaneous 
cytotoxicity (Figs 8 and 9) Rather, it is specifically 
the relevant mAbs of the Cs-induced phenotype 
which account for the enhanced ADCC activity 
mediated by NK cells. 

DISCUSSION 

IgG secreted by the same hybridoma clone, but 
cultured in the presence of various inhibitors of 
glycosylate n or carbohydrate processing, were used 
to probe the functional consequences of alterations 
in glycosylate. Neither the absence of glyco- 
sylate (resulting from inhibition by Tm) nor 
the presence of atypical oligosaccharides (as a conse- 
quence of inhibition by Cs> MdNM, Mon or 
Sw) significantly influenced antigen-binding of mAb 
to their target cells. Despite this similarity in the 
degree of sensitization of target cells with mAb, a 
correlation was observed between the efficiency of 
promoting ADCC and the glycosylat ion phenotype 
of the mAb. 

The effect of the phenotype upon ADCC varied 
with the type of cytotoxic effector cell. Sensitization 
of target cells with mAb of either the Cs-, MdNM-, 
DMM- or Mon-induccd phenotypes significantly 
enhanced ADCC mediated by PBL (and NK 
cells purified from this fraction), but not by fresh 
monocytes or r-IFNy -treated PMN. However, sensi- 
tization of target cells with the native phenotype was 
as: efficient as the Cs-induced phenotype at promoting 
ADCC mediated by PMN which had been activated 
by r-IFNy. Regardless of the glycosylate pheno- 
type, the various mAbs all promoted ADCC with 
activated PMN. Because NK cells bear only one FcR 
type (CD 16), it is likely that alterations of glycosyla- 
tion play a major role in binding of IgG Fc to this 
receptor. PMN share with NK cells FcR (GDI 6); 
however, like monocytes but unlike NK cells, they 
also constitatively express a distinct FcR (gp40) 
(Shen et ai, 1987) which has been shown to mediate 
ADCC. An enhancing effect of the altered IgG 
phenotypes on CD 1 ^mediated ADCC could be 
masked on PMN if efficacy of this second FcR type 
in mediating ADCC is not altered by these IgG 
glycosytation phenotypes. 

The enhanced lymphocyte-mediated ADCC ob- 
served with the Cs* and Mon-induced phenotypes 
cannot be attributed simply to a functional inactiv- 
ity of the other altered phenotypes because all 
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phenotypes bound equally well to their target cells 
when assayed by R1A, and all phenotypes pro- 
moted PMN-mediatcd ADCC Furthermore, the en- 
hanced cytotoxicity depends on specific alterations 
of TgG glycosylates as the Sw^induced phew* 
type, although also character!?**! by a radical alter- 
ation in glycosylation, was ineffective at enhancing 
lymphocyte-mediated ADCC. 

Enhancement of NK eel I -mediated ADCC corre- 
lates with the expression of phenotypes characterized 
by igO glycopeptidcs which bind to Cun A but not 
to LcH. Glycopeptidcs from human myeloma TgG 
with similar lectin-birtding properties have been 
identified as complex-type oligosaccharides in which 
core fucosylation is absent (Kornfeld et ai, 1981), 
In addition to these complex-type structures, high 
mannc*e-type structures also would be expected to 
lack fucosylation; as these oligosaccharides arc not 
substrates for the core fucosyl transferase (Hubbard 
and lvatt, 1 9$ I). 

The mere exposure of peripheral mannosyl 
residues, however, seems to be insufficient to enhance 
ADCC, as the Sw-induccd phenotype did not alter 
lymphocyte-mediated ADCC even though peripheral 
mannosyl residues are expressed in Ibis phenotype. 
Although functionally distinct, both tlie Sw- and 
Mon-induced phenotypes appear related structurally, 
as evidenced by their similar susceptibility to Endo 
H digestion as a probe for exposure of mannosyl 
residues. However, of more importance is the fact 
that they also : : differ structurally v as the hybrid struc- 
tures induced by Sw are core fucosylaled, unlike a 
subset of those oligosaccharides expressed in the 
Mon-induccd . phenotype. ; ; 

Glucosylation, characteristic of the phenotypes 
induced by the chemically dissimilar glucosidnse in- 
hibitors Cs and MdNM, likewise would appear to be 
unrelated to ADCC activity. Despite the putative 
absence of glucosylation, the DMM-induced pheno- 
type was as effective as the glucosylated Conduced 
phenotype at enhancing NK cell-mediated ADCC. 
Moreover, incubation of the Cs-induoed TgG pheno- 
type with (x-glucosidase did not affect ADCC of 
targets sensitized with the glucoadase-modificd mAb 
(data not shown). Thus, absence of core fucosylation 
itself would appear to be a likely candidate as a 
structural feature necessary for enhancement of NK 
cell-mediated ADCC 

Because NK cells, unlike monocytes and PMN, 
bear only one FcR type (CD16), our data suggest, 
that such alterations of glycosylation mainly affect 
the functional consequences of IgG binding to FcR 
(CD16) and not to other FcR types. Also in support 
of this hypothesis is the observation that murine 
monoclonal antibodies ore as efficient as rabbit poly- 
clonal antiscra in inducing ADCC by PMN, whereas 
rabbit polyclonal antisera are more efficient than 
murine mAbs in promoting antibody-dependent cy- 
totoxicity mediated by human NK cells that excess 
only CD 16 (Ortaldo et 1987; Christiansen and 



Scars, 1984). Several obvious reasons may account 
for this ob$ervation > such as recognition by poly- 
clonal IgO of numerous antigens and epitopes, each 
with a different orientation, organization and binding 
affinity (Christiaanscn et at., 19S7; Christiaansen and 
Sears, 1984), but perhaps glycosylate also may be 
ihVblved. 

; Although the absence of core fucosylation may 
not be expressed natively in the murine hybridoma 
repertoire for glycosylation of IgG (Rothman ^f 
a/;, 19559), species-specific differences exist in its 
expression. Approximately 15% of human IgG, 
and 68% of rabbit TgG ; lack core fucosylation 
(Mizuochi et at., 1987). Thus, it is tempting : to; 
speculate that polyclonal variability in the expression 
of core fucosylation may confer a functional advan- 
tage to host defense by diversifying the effector 
activity of IgG. 

The influence of the glycosylation phenotype may 
have implications for immunotherapy of neoplasias 
with murine mAbs. Its possible general applicability 
is demonstrated by our findings with a panel of 
anti-tumor mAbs. Typically, expression of the C$- 
induced phenotype enhanced the ADCC ac|yity| 
of human NK cells against two human tumor cell 
lines, 

Differences in reactivity are apparent between the 
Cs-induced phenotypes of the various anti-tumor 
mAbs of the panel. Glycosylation of the mAb might 
have to act in concert with other features, such as the 
orientation and organization of the immune complex 
on the tumor cell, for the efficient presentation of a 
determinant that will elicit an immune response. 
Thus, it may be either the recognition of this determi- 
nant or else its presentation which is perceived differ- 
ently by NK cells. 

Perhaps other glycosylation phenotypes will be 
detected which 

action with different populations of cytotoxic leuko- 
cytes and this may provide a means by which the 
immune response can be fine-tuned. 

Acknowledgement* -The secretarial assistance of Marie 
l^nnon kgrateMy acknowledged 
portion of a thesis submitted by R. J. Rothman in partial 
fulfilment of the requirements for the degree of Doctor of 
Philosophy from the University of Pennsylvania. 



REFERENCES 

Blithe D. U Buck C A and Warren L. (1980) Comparison 
of glyoopcplides from control and virus-transformed 
baby hamster kidney fibroblasts. Biochemistry 19« 

Bohlen P., Stein S„ Oairman W. and Udenfricnd S. (1973; 

Huorometxic a.<«ay of proteins in the nanogram raogc 

Archs Dhcliem, Biophys, 158, 213-220. 
Christiaanseii J. £♦> Surnside S. S. and Scars D. W. (1987) 

Apparent sensitivity of human K lymphocytes to the 

antibodies as measured by the efficiency of antibody' 
dependent calhilar cytotoxicity (ADCC). A tomm. 13*. 
2236-2243. 



Enhanced NIK -mediated AtfCC 



him 



<&m\mn\&n J, R and Scars D. W, (1984) Unusually 
efficient tumor eel! lysis by human effectors of anubody- 
dependem cellular cytotoxicity mediated by monoclonal 
antibodies. Ccmcer Res. 44, 3712-3718. 

Cummings R. D. and Kornfeld S. (-1982) Fractionation 
of asparsgine-lmked oligosaccharides hy serial lectin 
agarose affinity chromatography, A rapid, sensitive and 
specific technique. J. biol Chew. 257, 11,235-11,240, 

Elbcin A. D, (1987) Inhibitors of the biosynthesis and 
processing of N-linkcd oligosaccharide chains. A. Rev, 
Bioclwtn. Stf, 497 534. 

Ey V Y., Prowsc S. J. and Jenkin C. R. (1978) Isolation 
of pure IgGL lg<J2a, and IgG2b immunoglobulins 
from mouse serum using Protein A Sepharosc. Immuno- 
chemistry 15, 429-436. 

Fleit H. R , Wright S. O. and Unkclcss J. C. (1982) Human 
neutrophil Fey receptor distribution and structure. Proc. 
natn* Acad, Sci. U.SA. 1% 3275-3279. 

Hashim O. H. and Cushlcy W. (1987) Role of processing of 
N-Hnked oligosaccharides in control of immunoglobulin 
secretion from rat hybridomas. Molec. Immun. 24, 
1087-1096. 

Hashim O.H. and Cushlcy W. (1988) SimuJtHncous inhibi- 
tion of multiple steps in -the processing of N-linked 
oligosaccharides does not impair immunoglobuiin secre- 
tion from rat hybridoma cells, immunology $3, 383-388. 

Hcrlyn D., Powc J., Ross A. IL. Herlyn M. and Koprowski 
H. (1985) Inhibition of human tumor growth by IgG2a 
monoclonal antibodies correlates with antibody density 
on tumor cells. J. Inmun. 134, 1300-1304. 

Herlyn M, Stcplewski Z., Hcrlyn D., Clark W. I L, Ross 
A. H., Blaszczyk M., Pak K. Y. and Koprowski H. 
(1983) Production and characterization of nmnocioTr» I 
antibodies :o*ainsl human malignant melanoma. Gswc^r 
invest. 1,. 21^224. : 

Herlyn M„ Stcplcwski Z., Herlyn D. aid Koprowski H. 
(1979) Colorectal cardnoma-spcciflc antigen: detection fey 
means of monoclonal antibodies. Froc. natn. Acad. Scl 
' ': O.S.A. 76, 1438-1482. . : 

Hickman $. and Kornfeld S. (1978) Effect of tunicamycin pn 
IgM, IgA, and IgG secretion by mouse plasmacytoma 
cells, /. Immun. 121, 990-996, 

Howell J. W., Huod L. and Sanders B. G. (1967) Com- 
parative analysis of the TgG heavy chain carbohydrate 
peptide. J. molec. Biol. 30, 555-558. 

Hubbard S. a and Ivall R. J. (1981) Synthesis and pro- 
cessing of asparagine-linked oligosaccharides. A. Ret). 
Biochem. 5tD, 555-583. : 

Knudsen K. A,, Rao P. E. T Oamsky C. H. and Buck C A. 
(1981) Membrane glycoproteins involved in octi- 
subslralum adhesion. Proc. nam, Acad. Sci. U.S.A. 78, 
G071--6075. 

Koide N., Nose M. and Muramatsu t. (1977) Recognition 
of IgG by He receptor and complement: effects of ghyco- 
ridase digestion. Biochem. bicphysRes, Commun. 75, 
838-844, 

Kornrcid K., Rcunian M. L. and Kornfeld R. (1981) 
The carhnhydrale-binding specificity Of pea and lentil 

V : lectins. Fucoseisan important determinant. J. biol. Chem. 
256, 6633-6640. 

Lcatherbarrow R. j. and Dwck R. (1983) The effect of 
aglycosytation on the binding of mouse IgG to staphyi#; 
coccal protein A FEBS Lett, 164, 227-230. 

l^atorbarTo^ iR; J., Rademacher T; : ^ t -.Dyf<^.^:^-?- 
Woof J. M„ Clark A. and Burton D. R (1 985) Effector 
functions of a monoclonal aglycosylated mouse TgG2a: 
binding and activation of complement component CI and 
interaction with human rnonocyte Fc receptor. Moke. 
Immun. 22, 407-415. 

Mazauric T., Mitchell K. K, Lctchworth IU, G. J„ 
Koprowski H. and Steplewski Z. (1982) Monoclonal 

: -antibody-detmcd lung cell surface protein antigens. 
Cancer fiej. 42, 150 154. 



Mitchell K. F., Ward K g. and Koprowski H. (1982) DR 
antigens on melanoma cctls: analysis with monoclonal 
unlibodica. Human Jmmwu 4 f 15-26. 
Mizuochi T. % Hamako J. and Titam K. (1987) Structures 
of the sugar chains of mouse immunoglobulin G. Arclu 
Blochem. Bhphys. 257, 387-394. 
Nose M. and Wi^ell H. (1983) Biological significance of 
carbohydrate chains on monoclonul antibodies. Froc 
nam. Acad. Sci. U.S.A. §0, 6623^636. 
Ortaldo J. R , Woodfaouse C T Morgan A. C, Herberman 
R. B , Cberesh D. A. and Reisfeid R. (1987) Analysis of 
eilector cells in human antibody-dependent cellular cyto- 
toxicity with murine monoclonal antibodies. J> Immun. 
138, 3566-3572. 
Ozato K., Mayer N. M. and Sachs D. II. (1982) Monoclonal 
antibodies to mouse major histocompatibility complex 
antigens. IV. A series of hybridonm clones producing 
anti-H-2 antibodies and an examination of expression of 
H-2 antigens on the surface of these cells. TrMsplaniattoti 
34, 113-120. 

Parekh R. B„ Dwck R. A„ Sutton B. J., Fernandes D. L. ? 
Lcung:A., Stanwurih A, L., Rademacher W., Mizuochi 
T., Taniguchi T., Maisu?^ K , THk^tschi R, Nag-ano Y„ 
Miyamoto T. and Kobata A, (1985) Association of 
rheumatoid urtlirjliy and primary osteoarthritis with 
changes in the glycosylation pattern of total scrum IgG. 
Nature 316, 452-457. 
Perussia R Kobayushi M. v Rossi M. R, Ancgon I. and 
Trinchieri G. (1987a) Immune interferon enhances lunc- 
tiomtl properties of human granulocytes: role of Fc 
receptors and efTect of lymphotoxin, rumor necrosis factor 
and granulocyte-macrophage colnny-iUimulating factor. 
J: Immun, 13^, 765-774, 
Perussta B., Rnmoni C, Aneguri L, Curturi M. C, Faust J.- 
and Trinchieri G. (1987A) Preferential proliferation of 
natural killer cells among peripheral blood mononuclear 
cells cocultnred with B lymph oblastoid cell lines. Nat. 
Immun. Cell Growth Regul 6, 171-188. 
Perussia B;, Starr S,, Abraham Fanning V. and 
Trinchieri O. (198.^) Human natural killer cells analyzed 
by B73.1, a monoclonal antibody blocking Fc receptor 
(unctions. I Characterization of the lymphocyte subset 
reactive with R73.1. 7. immun. 1 3« v 2133-2141. 
Perussia B„ and Trinchieri C. ((984) Antibody 3G8, specific 
for the numan neutrophil Fc receptor, reacts with natural 
killer cells. J. Immun. U2, 1410 1415. 
Perussia D v Trinchieri G. and Ccrottini J. C. (1979) Func- 
tiumd studies of Fc rcecptor-bcaxing human lymphocytes: 
• effect of treatment with proteolytic enzymes. J. Immun. 
123, 681-687, 

Rotbmun R. J. and Warren L, (1988) Analysis of IgG 
glyco peptides by alkaline borate gel filtration chroma tog- 
raphy, Biochiw. biophys, Acta 955, 143 153. 
Rothmon R. J., Warren J. t Vliegenthart J, F, G, and Hard 
K. J. (1989) Clonnl analyst of the glycosylation of IgG 
secreted by murine hybridomas. BitH-hcmistry 28, 

•;t,#!|p HKSISSiS^ v?- . ■ ■ 1 

Shcn L, f Guyre P. M. and hanger M. W. (1987) Polymor- 
phonuclear leukocyte function triggered through (he high 
Affinity Fc receptor for monomeric IgG, /. Immun. C39, 
534-538. 

Trinchieri G., O'Brien T. f Shade M. and Perussia H: 
(1 984) Phorbol esters enhance spontaneous cytotoxicity 
of human rymphncyies, abrogate Fc rccicptor expression, 
and inhibit antibody- dependent lymphncyte-meditUed 
cytotoxicity. J. Immun. 133, 1869-1877. 
V/eitzman $ and Scharff M. D. (1976) Mouse myeloma • 
mutants Wocked in U^ea^ejnbly.glycosylaiioiiniKlstiCTe^ 
liun of rmmunogiobuiin. J. molec, Biol 102, 237-251 
Winkelhake J. I,., Kunicki t. Klcombe B. M t and Aster 
R. H, (1980) Effects of pTI treatments and deglycosylution 
of mbbit immunoglobulin O on the binding of CIq. 
«/. biol. Chem. 255, im -2828. 



Doc Ref. AS51 
Appl. No. 10/633,699 



Effect of Altered C H 2-associated Carbohydrate 
Structure on the Functional Properties and In Vivo 
Fate of Chimeric Mouse-Human Immunoglobulin Gl 

By Ann Wright and Sherie L. Morrison 



From the Department of Microbiology and Molecular Genetics and the Molecular Biology 
Institute, University of California, Los Angeles, Los Angeles, California 90024 



Summary • .••<• 

Immunoglobulin G (IgG) molecules are glycosylated in G„2 at Asn297; the N-linked carbo- 
hydrates attached there have been shown to contribute to antibody (Ab) stability and various 
effector functions. The carbohydrate attached to the IgG constant region is a complex biantennary 
structure. Alterations in the structure of oligosaccharide have been associated with human diseases 
such as rheumatoid arthritis and osteoarthritis. To study the effects of altered carbohydrate structure 
on Ab effector function* we have used gene transfection techniques to produce mouse-human 
chimeric IgGl Abs in the Chinese hamster ovary (CHQ) cell line Lec 1, which is incapable of 
processing the high-raannose intermediate through the terminal glycosylation steps. We also 
produced IgGl Abs in Pro-5, the wild-type CHO cell line that is the parent of Lec 1. The Pro* 
5-produced Ab (IgGl-Pro*5) was similar to IgGl -My 1, a myeloma-produced IgGl Ab of the 
same specificity, in its biologic properties such as serum half-life, ability to effect complement- 
mediated cytolysis, and affinity for FcyRI. Although the Lec 1-produced Ab, IgGl-lic 1, was 
properly assembled and retained antigen specificity, it was incapable of complement-mediated 
hemolysis and was substantially deficient in complement consumption, Clq binding, and Gl 
activation. IgGl-Lec 1 also showed reduced but significant affinity for FcyRI receptors. The 
in vivo half-life of IgGl-Lec 1 was shorter than that of either the myeloma- or Pro~5-produced 
counterpart, with more being cleared during the a-phase and with more rapid clearance during 
the j8-phase. Clearance of IgGl-Lec 1 could be inhibited by the administration of yeast-derived 
mannan. Thus the uptake of IgGl-Lec 1 appears to be accelerated by the presence of terminally 
mannosylated oligosaccharide. Therefore, certain Ab functions as well as the in vivo fate of the 
protein are dramatically affected by altered carbohydrate structure. Expression of Igs in cell lines 
with defined glycosylation mutations is shown to be a useful technique for investigating the 
contribution of carbohydrate structure to Ab function. 



Ml Abs are glycoproteins arid are gly^ at charac- 
J\ teristic positions according to their isotype. The IgG 
molecule has one conserved glycosylation site, at Asn297, 
within the C2 domain of each of its two heavy chains. The 
oligosaccharides attached there are accommodated within the 
internal space between the two C„2 domains (1) and are 
thought to stabilize the molecule and to contribute to the 
tertiary structure of the Fc (2). Aglycosylated IgGs have been 
shown to be deficient in such effector functions as comple- 
ment activation, Fc receptor recognition, and Ab-dependent 
cell-mediated cytotoxicity (ADCC) 1 (3-5). 
The oligosaccharides associated with the C„2 of IgG are 



1 Abbreviations used in this paper ADCC, Ab-4ependent cell-mediated 



complex biantennary structures whose core structure con- 
sists of two a-mannosyl structures attached to a /3-raannosyK 
di-N-acetylchitobiose unit (see Kg. 1 A). The composition 
of the outer arms varies with the degree of terminal processing 
and considerable heterogeneity of carbohydrate structures is 
observed. This heterogeneity has been observed both in the 
IgG component of normal human serum (6, 7) as well as 
in IgG paraproteins (8). Whereas heterogeneity is always seen, 
the relative concentration of different carbohydrate structures : 
is altered in some diseases. Among individuals with rheuma-; 
toid arthritis, the proportion of agalactosylated IgG sugars 
is increased, both in serum and synovial fluid (9, 10). Fc agalac- 
tosylation has also been observed in patients with chronic 
juvenile arthritis, Crohn's disease, and tuberculosis (11, 12). 
In some clinical studies, the degree of agalactosylation cor- 
related with disease activity in rheumatoid arthritis patients 
(13); It 
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Figure 1. {A) Schematic repre- 
sentation of the complex bianten- 
nary structure characteristic of 
C„2-assaciated oligosaccharide (7). 
The core residues are shown in plain 
type, and the terminal residues, 
whose variable addition confers het- 
erogeneity upon the structure, are 
italicized and highlighted with 
( + /-) symbols. (£) The truncated 
oligosaccharide . produced by the 
; CHO glycpsylation mutant "Lec t . 
is shown (16). 



carbohydrate causes conformational changes that result in aber- 
rant activity in the Ig, such as increased tendency for self- 
aggregation. 

It is therefore of interest to obtain populations of Abs with 
defined alterations in carbohydrate structure so that the con- 
tributions of specific oligosaccharide residues to glycoprotein 
function can be assessed. Sequential exoglycosidase digestion 
of glycoprotein hormones such as choriogonadotropin has 
shown that successive removal of the outer sugars results m 
decreased biologic activity (14). Agalactosylated IgG prepared 
by glycosidase digestion showed decreased complement acti- 
vation and Pc receptor binding activity (15), However, enzy- 
matic or chemical treatment may damage the protein back- 
bone. Therefore, in this study Igs were produced in Chinese 
hamster ovary (CHO) cells that have defined defects in 
oligosaccharide processing. Numerous mutants have been de- 
rived by selection for lectin resistance and mostly possess single - 
glycosylation defects (16), These mutations occur at distinct 
steps ia the oligosaccharide biosynthesis pathway, resulting 
in the accumulation of intermediate structures with reduced 
overall carbohydrate heterogeneity. In previous studies (17) 
glycosylation mutan choriogonadotropin 
genes produced proteins; that were deficient in signal trans- 
duction. 

CHO cells are widely used as recipient cells for the produc- 
tion of recombinant proteins. In particular, several studies 
have documented the production and characterization of Igs 
produced in CHO cells. When compared to their lymphoid 
cell-produced counterparts, these Abs were found to retain 
Ag specificity and affinity (18-20), as well as effector func- 
tions such as complement- and cell-mediated cytotoxicity (21) 
and Pc receptor recognition (22). Thus k was reasonable to 
assume that Igs produced in wild- type CHO cells are func- 
tionally equivalent to those in myeloma cells and that Ig 
pteduci^oa the eMo glycosylation mutants would p^it 



the study of the specific effects of altered glycosylation on 
otherwise normal proteins. 

In the present studies chimeric mouse- human IgGl Abs 
were produced in Lec 1, a CHO cell line deficient in iV-ace- 
tylglucosaminyl transferase I activity (23), Lec t synthesizes 
oligomannosyl structures which are truncated sugars not nor- 
mally found on IgG (see Kg. I B). The resulting Abs were 
assembled and secreted correctly, but were shown to be al- 
tered in their biologic properties and significantly deficient 
in numerous effector functions. Chimeric IgGl Abs were also 
produced in Pro-5, the wild-type CHO parent of Lec 1. As 
expected, the biologic properties of these Abs were similar 
to their myeloma-produced counterparts. 

Materials oatd MefcHaodls 

Cell Lines. The CHO cell lines cell lines Lec 1 and Pro-5 were 
obtained from the American Type Culture Collection (Rock ville, 
MD), having been deposited by Dr. Pamela Stanley (Albert Ein- 
stein College of Medicine, New York, NY) (23). The original cell 
lines and transfectants were maintained at 37°C under 5% C0 2 
in IMDM (Irvine Scientific, Santa Ana, CA) supplemented with 
5% FCS (Hyclooe Laboratories, logan, UT). The cells were main- 
tained as monolayers on tissue culture-treated petri dishes (Falcon 
; I^bware, Lincoln Part, NJ)< 

The transfectoma cell line TPR1.3 (3; for clarity, referred to in 
this paper as IgGl-My 1, the myeloma-produced chimeric IgGl) 
was produced by transfecring the Ig nonproducing mouse myeloma 
cell line P3X63Ag8.653 with chimeric heavy and light chain genes 
with murine variable regions from the anti-dansyl (DNS) hybridoma 
27-44 and human yi and tc constant regions. Cells were maintained 
in IMDM supplemented with 5% iron-supplemented calf serum 
(Hyclone). 

The human monoqrte-like cell line U937, which expresses IVyfU 
and FcyRII receptors, was maintained in RPMI 1640 medium 
(GIBCO BR3L, Gaithersburg, MD) supplemented with 10% PCS. 

Vector Design for Tmnsjection of CHO Celk The heavy and light 
chain constructs used to produce DNiS-specific IgGt chimeric Abs 
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: - : in lymphoid cells wore modified to allow the expression of Ig genes 
in nonlymphoid cells by replacing the Ig-specific promoter and en- 
hancer with the SV40 promoter and enhancer. Tb construct the 
heavy chain vector, the 2.1-kb-BamHI fragment containing the 
leader and Ig promoter was subdoned into the BaraHI site of 
pBR322. Complete digestion with EcoRI and partial digestion with 
HindHI removed the Ig promoter but retained the leader sequence. 
The SV40 promoter/enhancer was obtained from the pSV2 < gpf ex- 
pression vector/ where it is flanked by PvuII and HindHI restric- 
tion sites. The PvuII site at the 5' end of the SV40 promoter was 
converted to an EcoRI restriction site by linker tailing. The EcoRI- 
Fii ndin fragment containing the SV40 promoter/enhancer was then 
cloned into the homologous restriction sites 5 f of the anti-DNS 
leader sequence. The BarnHI-Sall fragment, which contains the 
V„ gene and the J-C intron, was then cloned into the BamHI and 
Sail sites of this pBR322 derivative, so that it adjoined the pro- 
moter/leader sequence. The heavy chain enhancer, which is flanked 
by two Xbal restriction sites in theJ-C intron, was deleted by Xbal 
digestion and religation. The EcoBJ-Sall fragment was then joined 
to human IgGl in the expression vector pSV2AH^p/ (see Fig. 2 
A). Nucleotide sequencing of the vector showed that no muta- 
tions had been introduced in the heavy chain coding region during 
vector construction. 

^•xxTb construct the light chain vector, a PvuII site 5' of the leader 
sequence but 3' of the light chain promoter was converted to a 
Hindlll site by linker tailing. The EcoRI-Hindlll fragment en- 
coding the SV40 promoter/enhancer was joined to the V, at that 
site. The intronic K enhancer was deleted by EcoRI digestion and 
religation. The resulting light chain expression vector lacks Ig- 
specific controlling elements but instead contains the SV40 pro- 
moter and enhancer (see Fig. 2 B). Large scale plasmid purification 
was performed for both the expression vectors with a plasmid 
purification kit (Qiagen, Chatsworth, CA) . 

Tmmfection of CHO Cells by Lipofection. The Lec 1 and Pro-5 
cells were each grown to 50-75% confluence on three tissue cul- 
ture-treated 60 x 15-rampetri dishes. For either recipient cell line, 
the dishes were rinsed three times with serum-free IMDM before 
transfection. 30 fxg each of the heavy and light chain expression 
vectors were combined and diluted in sterile water to a final volume 
of 200 pi in a polystyrene tube. 90 ftl of Lipofectin (Bethesda Re- 
search Laboratories, Bethesda, MD) was then added, the contents 
mixed, and the tube allowed to stand at room temperature for 15 
min. The mixture was then diluted to a final volume of 9 ml with 
serum-free IMDM. To each dish of Lec 1 or Pro-5 cells three ml 
of the Lipofectin mixture was added dropwise, with the drops dis- 
tributed over the surface of the plate. The plates were incubated 
overnight at 37°C in a humidified 5% CG 2 incubator. The next 
day, an equal volume of IMDM with 10% FCS was added to each 
dish* Gn the following day, each plate was trypsinized and the cells 
diluted in 24 ml selection medium (IMDM supplemented with 10% 
FCS, 1% Nystatin [GIBCO BRL], 1% gentamicin and 1 mM 
histidinol [Sigma Chemical Co., St. Louis, MO]) and distributed 
100 pi/well into 96-well flat-bottomed microtiter plates (Coming, 
Inc., Corning, NY). Fresh selection medium was added 3 d later; 
Colonies were generally seen within 10 d. 

Thnsfectants were screened for Ab production by an ELISA using 
microtiter plates (Immulon 2; Dynatech Laboratories, Inc., Chan- 
tilly, VA) coated with DNS-BSA or goat anti-human IgG. The 
detecting Ab was alkaline phosphatase-conjugated goat anti-human 
k ligfit chain (Sigma Chemical Co.). Positive clones were expanded 
and subcloned. 

Bbsynthetic Labeling and Endoglycosidau H Hydrolysis. Secreted 
Abs were obtained from [^Jmethionine-labeled transfectants. Ap- 




Figure 2. Vectors for the expression of Ig genes using SV40 control- 
ling elements. The SV40 early promoter and enhancer are shown on the 
heavy chain (A) and light chain (B) vecton by a darkly cross-hatched ar- 
rowhead, and the murine leader and variable region genes by dark boxes. 
Murine intronic sequences are indicated by a thin black Kne. Human con- 
stant region exons art shown by diagonally striped boxes and the inter- 
vening sequences by striped black lines. The p$V2-deiived sequences are 
represented by filled lines, with the prokaryotic selectable marker (Amp) 
and the eukaryotic selectable markers (gpt and his) shown by stippled and 
lightly shaded arrows, respectively. Arrows indicate the direction of tran- 
scription. Restriction sites discussed in the text are shown. 



proximately 3 x 10 6 cells were trypsinized, washed in methionine- 
free DME (Irvine Scientific), and resuspended in the same medium 
supplemented with IS fiCi p 5 S)metbionine (Amersham, Arling- 
ton Heights, DL) and 400 /xg/ml proline, and incubated at 37°C 
for 3 h. The supernatants were harvested and the Ab immunopre- 
cipitated with a mixture of rabbit antMmman Fc and rabbit 
anti-human Fab antisera (both prepared by Letitia A. Wims in this 
laboratory) foUowed by pr^ 

tein A (IgG Sorb; The Enzyme Center, Boston, MA) and washing. 
The Abs were resuspended in sample buffer (25 mM Tris, pH 6.7, 
2% SDS, 10% glycerol, and 0.008% bromophenol blue) andeluted 
from protein A by boiling. The samples were analyzed by SDS- 
PAGE and autoradiography. 

For Endoglycosidase H (Endo H) hydrolysis, 35 S-labeled super- 
natants were treated with 50 mM '$o£ttm^dt»te.(pH::5;5)-i':100.-mM- 
2-ME (Eastman Kodak Co., Rochester, NY), 2 mM PMSF (Sigma 
Chemical Co.), and 0.005 U Endo H (Boehringer Mannheim, In- 
dianapolis, IN) in a final vol of 1 ml. After incubation for 24 h 
at 37°C, the reactions were terminated by the addition of 5 
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pl/sample 2 M THs, pH 8.0. The samples were then spun briefly 
in a microcentrifuge to pellet debris and Ab was immunoprecipi- 
tatedas described. The samples were analysed by SDS-PAGE using 
THs-glycine gels. 

Protein Purification. Purified Ab for biological characterisation 
was obtained by amnity chromatography as previously described 
(24). Transfectoma cells were grown in roller bottle cultures in 
IMDM plus 2% a-calf serum (Hyclone). Supernaunts from satu- 
rated cultures were buffered with 10 mM phosphate buffet (0.43 M 
NaiP0 4 , 0,57 M NajHPO*) and supplemented with 0.45 M 
Nad, 0.02 M EDTD\, and 0.02% NaNj. Supernatants were sterile 
filtered, degassed, and passed through AH-Sepharose columns to 
which the DNS isomer 2-dimethyl-aminonaphtbalene-5 sulfonyl 
chloride had been coupled (Molecular Probes, Inc., Eugene, OR). 
Ab was eluted with a second DNS isomer, N-(5-carbciy-pentyl)- 
2-dimethyl-aminonaphthyl-5-sulfonaraide. The bound hapten was 
removed by extensive dialysis against THs*buffered saline (TBS). 
The concentration of puribed protein was determined with the bi- 
cinchoninic acid (BGA) protein assay (Pierce, Rockfbrd, EL). 

Measurement of Ag Affinity. A competitive binding assay was 
used to compare the amnity for DNS of the chimeric Abs. Im- 
raulon 2 micro titer plates were coated overnight at 4°C with DNS- 
BSA (5 ^g/tnl diluted in PBS, 50 ^l/well) and blocked with 3% 
BSA. The murine DNS-specific Ab 27-44 was diluted to 200 ng/ml 
in BBS/1% BSA and mixed in equal vol with serial dilutions of 
IgGl-My 1, IgGl-Pro-5 t or IgGl-Lec % The dilutions ranged from 
0 to 24 fig/ml. The mixtures of murine and chimeric anti-DNSs 
were added in duplicate (50 /tl/well) to the DNS-coated plate and 
incubated overnight at 4°C. Bound 27-44 Ab was detected by in- 
cubation with an alkaline phosphatase-conjugated goat anti-mouse 
* Ab (Zymed Laboratories, Inc., S. San Francisco, GA); followed 
by the addition of substrate (p-nitrophenyl phosphate disodium, 
obtained from Sigma Chemical Co.). The data were plotted to com- 
pare the percentage of maximal binding (in the absence of compet- 
itor) to the amount of competitor present, and the point at which 
50% inhibition of Ag binding by 27-44 occurred was determined; 
As a negative control, a chimeric dextran-specific IgGl Ab was 
diluted and incubated in similar fashion with 27-44. 

Measurement of Complement Fixation, The capacity of Abs for 
complement fixation was measured by several methods. In the di- 
rect assay, SRBC (Pocono Rabbit Farm, Canadensis, PA) were coated 
with DNS-BSA by the chromic chloride coupling procedure (25). 
The Ag-coated SRBC were loaded with 51 Cr, washed, and 
brought to a 2% suspension in Hepes-buffered saline with 0.1% 
gelatin (Gel-HBS); Ab at various concentrations, 0-20 fig/ml and 
diluted in the same buffer, was added in duplicate 50-/il aliquots 
to round-bottomed micro titer plates that were kept on ice 
throughout preparation. Chromium-loaded SRBC were added (50 
/d), followed by 25 /J guinea pig complement (C; Colorado Serum 
Co., Denver, GO) that had been preabsorbed with DNS-coated 
SRBC and adjusted to 10 LU/25 jil. Controls included sponta- 
neous lysis (SRBC in Gel-HBS alone), total lysis (SRBC in water), 
SRBC incubated with Ab but without complement, and SRBC 
with complement and buffer alone. Experimental samples were 
plated in duplicate, and controls in quadruplicate. The plates were 
then covered and incubated in a 37°G water bath for 45 min. The 
plates were spun at 800 rpm in a countertop centrifuge (Beckman 
Instruments Inc., Pullerton, CA) to pellet red cells and debris and 
50 fi\ from each well was withdrawn and counted in a gamma 
counter (model Gamma 5500; Beckman Instruments Inc.). Per- 
cent lysis was calculated as: 100 x [(mean experimental cpm - 
mean cpm SRBC lysis in the presence of complement alone)/(tdtal 
lysis - spontaneous lysis)]. 



For the complement consumption assay (25) Ab (8 jig/25 /il) 
was incubated in duplicate with increasing amounts of DNS-BSA 
(0-5 pg/well) and 2 CHso U of guinea pig complement in round- 
bottomed rnicrotiter plates for 45 min at 37*C. pCrJ-loaded 
hemolysin-sensitized SRBC were then added and incubation was 
continued for another 45 min. The plates were centrifuged as be- 
fore and the amount of 51 Cr release measured with a gamma 
counter. The percentage of complement consumption was calcu- 
lated as 100 x [t- (cpm of Ab + Ag + C'/cprn Ab + C% 

Clq Binding Assay A sohd phase assay was used to measure 
the capacity of Abs to bind Clq, the first step in the complement 
cascade (26). Imraulon 2 microtiter plates were coated with 100 
jd/well of DNS-BSA diluted to 10 /ig/ml in PBS. The plates were 
then blocked with PBS plus 3% BSA overnight at 4°C and washed. 
The DNS-specific Abs were diluted serially from a stock concen- 
tration of 10 /ig/ml in PBS plus 1% BSA, were added in duplicate 
100 /d/well, and incubated overnight at 4°C After washing with 
HBS, 100 fil 0.125% normal human serum diluted in HBS was 
added to each well and the plates were incubated at 37°C for 2 h. 
HBS was used for washing and as the diluent at this point because 
phosphate inactivates complement. Goat anti-human Clq was then 
diluted 1;10,000 in PBS plus 1% BSA and incubated at room tem- 
perature for 2 h, after which the plates were washed and incubated 
at room temperature for 2 h more with alkaline phosphatase-con- 
jugated swine and anri-goat IgG (Boehringer Mannheim). After 
a final washing with PBS, substrate was added and the plates were 
read at 410 nm on a plate reader (model MR 700; Dynatech). IgG4, 
which does not bind Clq, was included on each plate as a negative 
control 

R Receptor Bm&i^ Purified Abs (10-20 pg) were iodinat^ 
using Iodobeads (Pierce). 125 I was obtained from IGN (Irvine, 
CA). Before the assay, U937 cells were harvested, washed with 
PBS, and resuspended in fresh RPMI supplemented with 10% PCS 
and 100 U/ml recombinant human IFN-7 (the gift of Dr. Jorge 
Gavilondo-Cowley, Centro de Ingenieria Genetica y Biotecnologica, 
La Habana, Cuba). After a 48-h incubation, the cells were washed 
and incubated in serum-free DMEM at 37°C for 2 h to dissociate 
any serum Ig that might be bound to the Fc receptors. The cells 
were then washed again and resuspended to 5 x 10* cells/ml in 
assay buffer (Hepes buffer; 0.1 M Hepes, pH 7.4, 0.12 M NaCl, 
0.005 M KC1, 0.0012 M MgSO*, 0.015 M HAc, 0.01 M glucose, 
and 1% BSA). 

The radiolabeled Ab diluted in assay buffer to ^ 10 ng/50 ji\ 
was rnixed in 0.6 ml Eppendorf tubes with increasing amounts 
of the homologous unlabeled Ab in the same volume. Threefold 
dilutions from a 100-fold excess of unlabeled Ab were tested in 
duplicate. To measure nonspecific binding, a 1,000-fold excess of 
commercial human IgG (Miles Inc., Kankakee, IL) was used as in- 
hibitor. 400 pi of stimulated U937 cells were added to each tube, 
and the tubes were rotated on a Labquake rotator (Labindustries, 
Inc., Berkeley, CA) at 18°C for 2.5 h. The tubes were then spun 
briefly in a microruge, the supernatants were withdrawn, and 100 pi 
was measured in a gamma counter. The pellets were washed three 
times with PBS and the supernatant carefully removed by aspira- 
tion. Each tube was then placed in the gamma counter to measure 
the radioactivity retained by the pellets. Scatchard analysis was ap- 
plied to determine the binding constants and number of receptors 
per cell (27). 

In Vivo Half Life Female BALB/c mice were fed for at least 
1 wkwith water treated with potassium iodide (3 drops of 10 mg/rnl 
per 100 ml water). For each ,K ^Ubeled protein, three mice were 
injected mtraperitoneally with 10 6 cpm labeled Ab (28). Whole- 
body radioactivity was measured with a scaler/ratemetex (model 
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JS-5A; Wm, R Johnson c* Assoc., Ronceverte, WV) using a Nal 
crystal large enough to accommodate a mouse. Measurements com- 
menced at 3 min after injection and continued at regular intervals 
for 300 h. The percentage of radioactive counts remaining beach 
sample (background subtracted) was: 100 x {(cpm from each 
sample)/(cpra observed immediately after injection)], lb calculate 
the half-life of each protein, the percentage of radioactivity remaining 
was plotted against the intervals at which cpm were measured;: 
In further experiments, mice were injected intravenously with 
the IgGl-Lec 1 prepared as described previously, but were cotn- 
jected with either 10 mg mannan (purified yeast polysaccharide from 
Saccharomyces ctiwisiae, purchased from Sigma, and dissolved to 
10 mg/100 §A PBS) or the equivalent vol of PBS (29). After 1 h, 
the mannan-injectcd mice were given a second intravenous injec- 
tion of 10 mg mannan. The mice were monitored for whole-body 
radioactivity as before, and clearance of radioactivity over time was 
plotted as described. 



Results 

Chimeric mouse-human mAbs provide useful tools for the 
study of Ig function. In previous studies, the human IgGl 
constant region joined to the murine DNS-specific variable 
region expressed in murine myeloma cells was used to inves- 
tigate the functional properties of the resulting protein (30, 
31). In the current study, by substituting the Ig-specific 
promoters and enhancers with those of SV40, the same Ab 
has been produced in Pro-5, a wild- type CHO cell line, and 
Lec 1, a variant of Pro-5 deficient in N-acetylglucosaminyl- 
trahsferase I activity. The Ab expressed in Lec 1 will have 
a high-mannose carbohydrate of a type that is not normally 
seen on IgG attached to C H 2 in place of the normal com- 
plex carbohydrate. Thus it is possible without clinical or en- 
zymatic modification to obtain large quantities of purified 
Ab with a defined, altered carbohydrate structure. 

The CHO cells were refractory to electroporation, but 
efficient transfection was attained by lipofection. Transfec- 
tintt selected ;for resistance 

from both Pro-5 and Lec 1. The transfectants fully assembled 
H2L2 molecules at a level ~5 Mg/nil of Ab/10 6 cells/ 24 h, 
sufficient to produce adequate amounts of purified Ab from 
roller bottle culture. One clone of each, IgGl-Pro-5 and IgGl- 
Lec 1, was chosen for further study. 

To confirm that carbohydrate with altered structure was 
present on the Lec 1-produced Ab, the Lec 1 transfectant and 
myeloma cells producing a chimeric Ab of the same isotype 
were biosynthetically labeled and the supernatants from each 
were treated with Endo H, which hydrolyzes high-mannose 
and hybrid but not complex oligosaccharides. Hydrolysis was 
conducted under reducing conditions to expose the sugar to 
the enzyme and the proteins were immunoprecipitated and 
analyzed by SDS-PAGE. The myeloma-produced IgG, IgGl- 
My 1, is mostly unaffected by treatment with Endo H al- 
though a small amount of enzyme hydrolysis is observed (Fig, 
3). In contrast, the Lec 1-produced IgG, IgGl-Lec 1, is sen- 
sitive to Endo H and the heavy chain of the treated protein 
shows a faster mobility than the untreated one Furthermore, 
the heavy chain of untreated IgGl-Lec 1 shows faster migra- 
tion than does that of untreated IgGl-My 1, consistent with 



■mmm 















lliili- 





Figure 3. Endo H bydrolytis 
of tiarofectoma proteins. Thniec- 
toma proteins were subjected to 
hydrolysis with Endo H under 
reducing conditions and were ana- 
lyzed by SDS-PAGE. Heavy and 
light chains art indicated. 



the presence of a truncated carbohydrate on IgGl-Lec L The 
identity of the band migrating between the heavy and light 
chains is not clear, but it appears to be a GHO cell-specific 

. product that is not glycosylated; . 

':jf(o evaluate the biologic activity of these Abs in Ag- 
dependent assays it was necessary to confirm that the Abs* 
affinity for Ag is equivalent. The IgGl-Lec 1, IgGl-Pro-5, 
and IgGl-My 1 Abs were tested in competition experiments 
for their ability to inhibit Ag binding by the murine anti- 
DNS 27-44 with identical variable regions (Fig. 4). With 
all the chimeric Abs, 50% inhibition of binding by 27-44 
was attained at a concentration of ^3 /ig/mh The inhibi- 
tion curves of these Abs are very similar overall, thus their 
Ag binding capacity should be equivalent at the Ab concen- 
trations employed in the various functional assays. 

Previous work from this laboratory and others (3-5) had 
shown that the presence of carbohydrate in the C«2 region 
of IgGl is essential for Fc-associated functions such as com- 
plement activation and Fc receptor binding. The IgGl-Lec 
1 protein containing a carbohydrate with altered structure, 
as well as the Pro-5-produced Ab, were now compared to 
the biologically active IgGl-My 1 Ab produced in murine 
myeloma cells. 

The ability of the IgGl Abs to activate complement was 
determined using several assays designed to investigate differ^ : 
aspects of the complement cascade. In the direct assay, which 
determines the ability of the Ab to complete the comple- 
ment cascade and effect hemolysis, increasing amounts of Ab 
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Rgiire i Competition of IgGl-My 1, IgGl-Pro-5. and IgGl-Lec 1 with 
the binding of murine anti-DNS 27-44 to Ag, as determined by ELISA. 
The data are plotted as percentage of maxtmum binding in the absence 
of competing Ab, against the increasing amount of competitor, The nega- 
tive control is a chimeric IgGl Ab specific for dextran. 
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were incubated with constant amounts of complement and 
Ag-coated SRBC As shown in Fig, 5 A, red cell lysis in- 
creased as the amount of IgGl-My 1 or IgGl-Pro-5 was in- 
creased to a maximal lysis of ~35%. In contrast, IgGl-tec 
1 failed to mediate lysis at any of the concentrations tested. 
In the complement consumption assay, the capacity of Ab 
to deplete the complement components is measured, A con- 
stant amount of Ab is first incubated with complement in 
the presence of increasing amounts of Ag; if the Ag-Ab com- 
plexes consume any of the complement components, they 
will not be available to lyse the bemolysin-coated indicator 
celk Decreased lysis therefore indicates an increase in com- 
plement activation. The abih ty of the IgGl-My 1> as well 
as IgGl-Pro^5 Ab, to consume complement is Ag depen- 
dent with total consumption ranging from of 0.5 to 50 fig 
Ag/well (Fig, 5 B). In contrast, IgGl-Lec 1 consumes only 
a low level of complement (<15%) in an Ag-independent 
manner. 
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Figure 5. Complement activation by IgGl chimeric Abs. (A) Direct 
lysis of 51 Cr-loaded, DNS/BSA-coated SRBC. Cells were incubated with 
complement and increasing amounts of Ab (in duplicate) for 45 min at 
37°C Supernatant* were then harvtsted and the amount of lysis was quan- 
titated with a gamma counter at described. The percent lysis is plotted 
against the Ab concentration. (JB) Complement consumption. Ab (8 
/il) waj incubated with complement and with increasing amounts of As 
at 37°C for 45 min. SRBC were sensitized with hemolysin, loaded with 
siCt; and added to the reaction for a further incubatibn of 45 nain. Com- 
plement consumption was calculated from chromium release as deattoed; 



: .;. to determine whether the defect in complement activa- 
tion by IgGl-Lec 1 lies in the initial steps of the complement 
cascade, we compared the ability of these Abs to bind Clq, 
the first step in the activation of the classical complement 
pathway. Because Clq binds poorly to monomeric IgG, a 
solid-phase assay was used in which Ag-Ab complexes are 
on a plastic surface at sufficient density to allow Clq 
binding, which is then quantitated by Clq specific antiserum. 
An IgG4 Ab, which does not bind Clq, was included as a 
negative control. Both IgGl-My 1 and IgGl-Pro-5 bound 
Clq well, the IgG4 Ab, as expected, did not bind, and IgGl- 
Lec 1 showed significan t but reduced Clq binding capacity 
(% 6). 

Fc Receptor Binding. To determine the affinity of binding 
of the IgG to the Fey RI present on IFN-?-stimulated U937 
cells, a constant amount of radiolabeled Ab was incubated 
with increasing amounts of unlabeled homologous ligand and 
the amount of radioactivity bound determined. Values for 
the dissociation constant and numbers of receptors per cell 
were obtained through Scatchard analysis; a representative 
experiment is shown in Fig, 7. U937 cells stimulated with 
IFN-7 displayed M.2 x 10 4 receptors per cell. The mean 
JC<i of IgGl-My 1 was 1.79 x 10" 9 M~ ! , in agreement with 
previously published values (31). The Kd of IgGl-Pn>5 was 
very similar, at 1.55 x 10' 9 M~ 2 . The of IgGl-Lec 1 
was reduced approximately four- to sixfold, with a mean value 
of 8.2 x 10~ 9 M~ K Thus, the ability of the mannosylated 
IgGl-Lec 1 to bind FcryRI is slightly reduced but still sub- 
stantial. 

In Vivo Half life. To determine the in vivo half-life of the 
molecules, 125 Mabeled Abs were introduced into BALB/c 
mice by intraperitoneal injection, and the amount of radio- 
activity present in each mouse determined by whole-body 
counting. The half-life values obtained by this method have 
been found to correlate well with those obtained by intrave- 
nous injection of labeled Abs and counting of blood samples 
(28). IgGl-My 1 was cleared in the /S-phase with a half-life 
of 6.3 d (Fig. 8). In this experiment, virtually all of the IgGl- 
My 1 was cleared in the /J-phase, but in other experiments, 
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Figure 6. Clq binding by DNS-specific Abs. Binding was measured 
by EI4SA as described using Ag-coated miciotiter plates. An IgG4 Ab, 
which does; not bind Clq, was included as * negative control 
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Figure 7. Scatchard analysis of the binding of IgGl-My 1 (•), lgGl-Pro- 
5 (O), and IgGl-Lec 1 (□) to U937 cells. The U937 cells had been stimu- 
lated for 46 h with 100 U/ml IFN-7 to increase expression of FcyRl 
receptors. A constant amount of ^Mabekd Ab was incubated with U937 
cells with increasing amounts of unlabeled homologous competitor, and 
the amount of radioactivity bound to pelleted and washed cells was mea- 
sured with a gamma counter. The Hne represent* a least squares fit of the 
data and was calculated using Excel. 



up to 40% of the protein was cleared in the a-phase. Ap- 
proximately 40% of the IgGl-Pro-5 Ab was rapidly cleared 
in the a-phase; the remaining Ab had a 0-phase half-life of 
5.7 d, very similar to that of IgGl-My 1. In contrast, over 
80% of IgGl-Lec 1 is consistently cleared rapidly whereas 
the remaining protein has a greatly reduced in vivo half-life 
of 4 d. Thus the IgG produced in the myeloma and Pro-5 
CHO cells persists in the circulation considerably longer than 
does its mannosylated counterpart. 
: To investigate whether the rapid clearance of IgG-Lec 1 
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Figure 9, Effect of mannan on the in vivo clearance of IgGl-Lec 1. Mice 
were given intravenous injections of radiolabeled protein, either concur- 
rently with 10 mg mannan or without. The mice receiving mannan were 
given a second injection 1 h later, the times of mannan injection arc indi- 
cated by arrows along the x-axis. The percentage of radioactivity remaining 
was measured over time; the initial measurement was taken immediately 
after injection. 

was mediated through mannose receptors on cells in the 
reticuloendothelial system, mice injected intravenously (tail 
vein) with ^I-IgGl-Lec 1 were concurrently injected with 
either 10 mg of yeast mannan or with an equal volume of 
PBS. lb after injection, those mice receiving mannan were 
given a second injection of 10 mg mannan, and all mice were 
monitored by whole-body counting for 24 h. As shown in 
Fig. 9, tie control mice injected with PBS demonstrated con- 
tinuous and rapid loss of radioactivity. In contrast, the mannan- 
injected mice retained virtually all radioactivity for over 8 h, 
after which rapid clearing abruptly ensued. This result sug- 
gests that clearance takes place using the mannose receptors 
and these were blockaded temporarily by the yeast polysac- 
charide. By 24 h, the level of remaining radioactivity was 
the same in all the mice. 
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Figure 8. In vivo half-life of IgGl-My 1, IgGl-Pro-5, and IgGMec 
1 Abs. RALB/c mice were injected intraperitoneally with 1B I-labeled Ab 
and the persistence of radioactivity was measured by whole-bodv counting 
and is displayed a* a percentage of injected dose over time. The 0-phase 
ha&Kfe was detennined from the values obtained after 46 h. 
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Discussion 

The presence of carbohydrate in C,,2 is essential for bio- 
logical activity of IgG. Although the carbohydrate attached 
there is heterogeneous, a considerable body of evidence shows 
that certain glycosylation patterns can contribute to aberrant 
Ig activity. Previous studies (15) had indicated that IgG ren- 
dered deficient in galactose by glycosidase treatment is deficient 
in Clq and Fc receptor binding. However, to rule out any 
diminution of Ab function that might be a consequence of 
the conditions of enzyme treatment, it would be desirable 
to produce biosynthetically Abs with defined alterations in 
carbohydrate structure and to determine their functional prop- 
erties. 

Proteins with altered carbohydrate structures can be pro- 
duced in well-characterized glycosylation mutants of CHO 
cells (32*. Wild-type CHO cells have been widely used for 
Ab production (18-22), so the variety of available mutants 
provides an expression system appropriate for the study of 
specific glycosylation defects of interest. Additionally, genetic 
engineering techniques provide the means to produce homo- 



geneous populations of iso types of interest. Therefore, we 
designed expression vectors for the production of DNS-specific 
IgGl Abs in CHO celk In this initial study using this ex* 
perimental approach, the Igs were produced in wild-type CHO 
cells as well as Lec 1, a cell line incapable of processing the 
high mannose intermediate through the terminal glycosyla- 
tion steps (Fig. 1). The resulting Abs were properly assem- 
bled and secreted and retained Ag affinity. Using this approach, 
Abs with novel oligosaccharide structures were made avail- 
able for study. 

The classical pathway of complement activation is initi- 
ated by the binding of Ab to Ag with the subsequent binding 
and activation of CI. Unlike the myeloma- or CHO-produced 
chimeric Abs, the IgGl-Lec 1 Ab was incapable of comple- 
ment-mediated lysis of hapten-coated erythrocytes, although 
the Lec 1-produced Ab did demonstrate a reduced but 
significant amount of Clq binding. The Clq binding site 
on IgG defined by residues Glu318, Lys320, and Lys322 lies 
along an exposed jS-strand on C«2 (33). Other residues 
within this region have been shown to contribute to isotypic 
differences in complement activation capability (34). It is pos- 
abie, therefore, that a conformational change introduced into 
the Cr2 domain by the altered carbohydrate serves to de- 
' crease Clq binding. 

The level of Clq binding possessed by IgGl-Lec 1 might 
not be sufficient to activate the subsequent steps of the com- 
plement cascade. That Clq binding does not necessarily lead 
to cell lysis has been documented in studies of the compara- 
tive lytic efficiencies of different Ab isotypes (26, 35, 36). 
Additionally the IgGl-Lec 1 Ab might be an impaired sub- 
strate for interaction with complement proteins involved in 
the later stages of the complement cascade. The IgGl-Lec 
1 differs from-a 
bind Clq (3). 

Compared to the wild-type Ab, the Ka of IgGl-Lec 1 for 
FcyRl receptors on U937 cells was reduced approximately 
four- to sixfold. Whereas the loss of carbohydrate abolishes 
. Ec receptor binding, changing the oligosaccharide structure 
has demonstrable but less drastic effects, consistent with 
previous reports (15, 37). Degalactosylated IgG produced by 
glycosidase treatment showed reduced IgG binding to U937 
cells, although a binding constant was not determined (15). 
Intact chimeric Abs produced in yeast were as capable of 
ADCC as the murine counterpart, but could not activate 
complement (37). The oligosaccharide produced by yeast is 
a bulky structure with 30-100 terminal mannose residues (38) 
and is quite different from the truncated structure with ter- 
minal mannose residues produced by Lec 1 cells. Residues 
on IgG critical for Fc receptor binding lie in the lower hinge 
region and in the hinge proximal region, and whereas glycosy- 
la^rjii^ for Fc receptor binding and ADCC (39-41), 
our results suggest that the presence of a truncated carbohy^ 
drateis sufficient to allow at least some Fc receptor binding. 
Additional studies are required to define precisely the carbo- 
hydrate structure necessary for different effector functions* 

The in vivo fate of the IgGl-Lec 1 in mice is drastically 
affected by the presence of a carbohydrate of altered structure 
in C2. Whereas in vivo persistence of aglycosylated IgGl 
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was equivalent to that of wild type (3, 42), that of the man- 
nosylated Ab was reduced substantially. Moreover, 80% of 
IgGl*Lec 1 was rapidly cleared in the a phase. Comparative 
in vitro protease digestion showed that IgGl-Lec 1 was no 
more sensitive to protease than was the wild-type Ab (data 
not shown}. Rather, it seemed possible that clearance of IgGl- 
Lec 1 might occur by a different mechanism than does the 
dearance of IgGl-My 1 and IgGl-Pro-5, 

Numerous studies have described systems for glycoprotein 
clearance in the liver that are localized to different compart- 
ments and that recognize different terminal sugar residues 
(43, 44). Liver endothelial cells bear receptors that recognize 
terminal mannose residues through which rapid clearance of 
mannosylated proteins such as ricin, OVA, and the COOH- 
terminal propeptide of type I procollagen has been observed 
(43-47). Mannose receptor-mediated clearance of glycopro- 
teins occurred more rapidly than did clearance via galactose 
receptors, which were compartmentalized to liver endothelial 
and parenchymal cells, respectively (46, 47). Since the ad- 
ministration of mannan effectively inhibited the clearance of 
IgGl-Lec 1, although with the injection protocol used the 
effect was temporary, the Ab appears susceptible to uptake 
by mannose receptors. This result was somewhat surprising, 
since the Fc-associated carbohydrate normally is "buried" be- 
tween the heavy chains. Indeed, the IgGl-Lec 1 Ab railed 
to show binding to Sepharose-Con A (data not shown). How- 
ever, a report that IgG-Ag complexes injected into rats were 
rapidly cleared from the circulation, suggested that Ag-induced 
conformational changes in IgG caused the Fc carbohydrate 
to be exposed and susceptible to clearance by the galactose 
receptors on liver parenchymal cells (48). Although DNS- 
specific Abs are unlikely to encounter Ag in vivo, a confor- 
mational change may have been triggered in some way, per- 
haps through aggregation, exposing the mannose residues. 

By expressing Abs in CHO cells with defined mutations 
in glycosylation, we have produced Abs with novel (and 
reasonably homogeneous) carbohydrate structures. Changing 
the structure of the carbohydrate may profoundly affect the 
behavior of Abs. In particular, the presence of a carbohydrate- 
bearing terminal mannose residues in G,,2 of IgGl abolishes 
complement activation, attenuates Fc receptor binding, and 
profoundly shortens the in vivo half-life of the protein. 
Whereas in the current study the carbohydrate present on 
the IgG differed in structure from the naturally occurring 
carbohydrate, in future studies it will be possible to produce 
Abs with carbohydrate structures similar to those found on 
the circulating Igs in patients with certain diseases* Thus, 
it will be possible to determine the biologic properties of 
these Abs. Such studies may yield insights into the relation- 
ship between Ab structure and pathogenesis. With this tech- 
nology it is possible not only to produce and study proteins 
with a wide variety of glycosylation defects but also to ana- 
lyze a "family" of proteins, such as IgG with different iso- 
types, to see if effects are universal or are seen only with a 
particular protein. Studies like these not only may provide 
information about the role of carbohydrate in protein func- 
tion but may also yield insights into how changes in carbo- 
hydrate structure affect protein conformation. 

on Ab Function .\ !j" |i • -- : - V"*' ' " " : - 
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